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ABSTRACT  
   
 The work contained in this dissertation is focused on the optical properties of 
direct band gap semiconductors which crystallize in a wurtzite structure: more 
specifically, the III-nitrides and ZnO.  By using cathodoluminescence spectroscopy, 
many of their properties have been investigated, including band gaps, defect energy 
levels, carrier lifetimes, strain states, exciton binding energies, and effects of electron 
irradiation on luminescence.   
Part of this work is focused on p-type Mg-doped GaN and InGaN.  These 
materials are extremely important for the fabrication of visible light emitting diodes and 
diode lasers and their complex nature is currently not entirely understood.  The 
luminescence of Mg-doped GaN films has been correlated with electrical and structural 
measurements in order to understand the behavior of hydrogen in the material.  Deeply-
bound excitons emitting near 3.37 and 3.42 eV are observed in films with a significant 
hydrogen concentration during cathodoluminescence at liquid helium temperatures.  
These radiative transitions are unstable during electron irradiation.  Our observations 
suggest a hydrogen-related nature, as opposed to a previous assignment of stacking fault 
luminescence.  The intensity of the 3.37 eV transition can be correlated with the electrical 
activation of the Mg acceptors. 
Next, the acceptor energy level of Mg in InGaN is shown to decrease significantly 
with an increase in the indium composition.  This also corresponds to a decrease in the 
resistivity of these films.  In addition, the hole concentration in multiple quantum well 
light emitting diode structures is much more uniform in the active region when Mg-doped 
InGaN (instead of Mg-doped GaN) is used.  These results will help improve the 
ii 
efficiency of light emitting diodes, especially in the green/yellow color range.  Also, the 
improved hole transport may prove to be important for the development of photovoltaic 
devices.  
 Cathodoluminescence studies have also been performed on nanoindented ZnO 
crystals.  Bulk, single crystal ZnO was indented using a submicron spherical diamond tip 
on various surface orientations.  The resistance to deformation (the “hardness”) of each 
surface orientation was measured, with the c-plane being the most resistive.  This is due 
to the orientation of the easy glide planes, the c-planes, being positioned perpendicularly 
to the applied load.  The a-plane oriented crystal is the least resistive to deformation.  
Cathodoluminescence imaging allows for the correlation of the luminescence with the 
regions located near the indentation.  Sub-nanometer shifts in the band edge emission 
have been assigned to residual strain the crystals.  The a- and m-plane oriented crystals 
show two-fold symmetry with regions of compressive and tensile strain located parallel 
and perpendicular to the ±c-directions, respectively.  The c-plane oriented crystal shows 
six-fold symmetry with regions of tensile strain extending along the six equivalent a-
directions.  
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Chapter 1 
INTRODUCTION 
1.1 Introduction to lighting 
The desire to create and control light was one of the first technological issues that 
humans faced.  The use of fire became important not only for cooking, but perhaps 
initially was used primarily as a light source.  Throughout history, light creation has 
become more advanced, yet remains a large fraction of energy usage.  As of 2001, it was 
estimated that ~ 30% of the electricity used by a building goes towards producing light, 
and contributes the same amount of greenhouse gas emissions as 70% of the world’s cars 
and over three times the emissions from aircraft.
1,2
  After the use of fire for lighting, 
including torches and candles, electricity became important in light creation.  In the early 
1800s, the first electric carbon arc lamp was invented by Sir Humphrey Davy.  The 
incandescent bulbs were next developed nearly simultaneously by Sir Joseph Swann and 
Thomas Edison in the 1870s.  Incandescent bulbs are still used today, although their 
efficiency is typically less than a few percent.  The low efficiency of these lamps is due to 
the production of light by blackbody emission, where most of the photons generated are 
infrared and thus unusable for lighting. 
Fluorescent lamps, which are more efficient than incandescent bulbs, were 
developed over the course of many years, and large scale production began by General 
Electric in 1937.
2
  These can have an average efficiency of around 20%.
2
  These work by 
the conversion of electric potential into the creation of ultraviolet light (UV) by excited 
mercury atoms.  The UV light then reacts with a phosphor coated on the inside surface of 
the bulb.  The phosphor converts the UV light into visible light by the down-conversion 
2 
of photons via the Stokes shift.  The UV photons have an energy of around 5.5 eV and 
must be converted into photons in the visible range, with a maximum energy of 3.1 eV.  
This conversion is a large source of the inefficiency of these bulbs and will remain so, 
despite attempts to optimize the efficiency of fluorescent bulbs.   
In the continued effort to improve the technology of light creation, inorganic light 
emitting diodes (LEDs) have been developed.  LEDs are comprised of layers of 
crystalline semiconducting materials which emit light when current is passed through 
them.  Two types of semiconductors are necessary for the operation of an LED: n- and p-
type.  A semiconductor which has an abundance of mobile electrons in the conduction 
band is known as n-type.  This is typically accomplished by doping the material with an 
element that has a higher number of valence electrons than the main semiconductor 
element, e.g. doping Si with P. When the P is substitutionally incorporated on a Si lattice 
site, Psi, the P atom donates its extra electron to the lattice.  This electron is nearly free 
and can conduct electricity. 
Alternatively, a semiconductor which has electrons missing from the valence 
band is known as p-type.  Similarly to the n-type, this is accomplished by doping with an 
element that has fewer valence electrons than the semiconductor, for example, Si doped 
with B.  The p-dopant then leaves one bond unfilled, leaving a positively charged broken 
bond.  This unfilled bond can migrate throughout the crystal under the influence of an 
electric field, and is thus acts as a positive charge carrier. 
The simplest form of an LED is composed of a junction between an n- and p-type 
semiconductor.  When a positive bias is applied to the p-side of the device (as with a 
battery), the holes drift in the direction of the n-side.  Alternatively, the electrons drift 
3 
towards the p-side.  At the junction, the two carriers recombine, emitting a photon with a 
characteristic energy determined by the band gap of the material, Eg.  Figure 1.1 is a 
schematic diagram of an LED.  
 
Figure 1.1.  Schematic diagram of an LED.  EF is the Fermi energy and is related to the 
occupation level of carriers in each side of the device.
3
 
 
 
The efficiency of an LED can be increased by sandwiching a very thin layer (~ 5 
nm) of a smaller band gap material in the p-n junction region.  This is known as a 
quantum well (QW).  The lower band gap of the QW captures carrier, and increases their 
confinement.  This leads to a higher overlap of the electron and hole wavefunctions, 
decreasing the lifetime and increasing the radiative efficiency.  Carrier confinement also 
results in lower capture of carriers at non-radiative defects.  More than one quantum well 
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can be used in a device, however, a layer of material with a larger band gap must be 
placed in between them.  This is known as a quantum barrier (QB).  For InGaN-based 
LEDs, it is typical to have somewhere between one and five QW/QB pairs.    
Most commercially-available visible-light LEDs  (as of 2012) are composed of 
compound semiconductors made with elements from group III and group V of the 
periodic table; these are known as III-V compounds.  The LED materials used for the 
studies in this dissertation are mainly III-nitride semiconductors, meaning the element 
used from group V is nitrogen.  The group III element is typically Al, In, and/or Ga.   
For an InGaN-based LED, the QW will be composed of InGaN with an indium 
composition higher than in the rest of the device.  This is due to the fact that increasing 
the indium composition in InGaN lowers the band gap, as will be discussed later.  
Changing the indium composition in the QWs results in changing the wavelength of light 
emitted from the LED, as the majority of the recombination takes place in these regions. 
The III-nitride alloy family is able to emit light over the entire visible spectrum, from the 
infrared to the ultraviolet.  Fig. 1.2 is a plot of band gap energy vs. lattice parameter for 
many semiconductors, including the III-nitrides.  As is evident from this figure, each 
alloy has a different lattice parameter.  This leads to problems with epitaxial growth, as 
layers with different elemental compositions will be strained.   
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Figure 1.2.  Band gap energy vs. lattice parameter for some semiconductors.  The InGaN 
alloy family covers the entire visible spectrum.
3
 
 
In order to understand the behavior, details, and operation of GaN-based LEDs, it is 
necessary to understand the characteristics of the constituents. 
 
1.2 Introduction to the wurtzite crystal structure 
 The semiconductors studied in this dissertation crystallize primarily in the 
wurtzite, or hexagonal, crystal structure.  In the wurtzite structure, the layer sequence 
follows an ABAB… pattern along the {0001} planes, known as basal planes.  It is the 
wurtzite structure which is found most often as it is the thermodynamically stable 
configuration.  There are two interplanar separations in the wurtzite structure which can 
define its periodicity, the a and the c lattice parameters.  The a lattice parameter describes 
the distance between like atoms in the basal plane, and the c parameter describes the 
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distance between like atoms perpendicular to the basal planes.  In order to describe 
directions or planes in the wurtzite structure, we use a four-number-notation.  By 
convention, numbers surrounded by square brackets [ ] or angled brackets < > are used to 
denote a direction or family of equivalent directions, respectively. Similarly, numbers 
surrounded by parentheses ( ) or piecewise signs { } are used to denote a plane or family 
of equivalent planes, respectively.  For the four-number-notation, the sum of any two of 
the first three numbers is equal to the negative of the third.  The set of the first three 
numbers corresponds to the a-direction vectors in the basal plane.  The fourth number 
corresponds to the c-direction vector.  For negative vectors, a bar is used over the 
number.  For example, an a-direction vector is given by <11 ̅0>, an m-direction vector 
by <10 ̅0>, and a c-direction vector by <0001>.   
 
Figure 1.3.  Example of wurtzite structure.  (a) Direction of lattice vectors and their 
corresponding distance parameters.  (b) Example of ABAB stacking sequence, occurring 
among the basal planes.
4
 
 
(a) (b) 
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Figure. 1.3 shows a sample structure of wurtzite material, shows the definition of the 
direction vectors in Fig. 1.3(a) as well as an example of the ABAB… stacking sequence 
in Fig. 1.3(b).  
 The lack of inversion symmetry in wurtzite crystals leads to electric fields being 
present in the structure; the center of mass of the atoms does not correspond to the 
location of charge neutrality.  The field that exists in free-standing, unstrained crystals is 
known as the spontaneous field, Psp, and points along the -c-direction for the III-nitrides.   
 
 
Figure 1.4.  The fields present in wurtzite materials.  (a) Spontaneous fields due to natural 
charge separation.  (b) Piezoelectric fields due to induced strain in the material.
4
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Additionally, strain in the material can result in additional fields being created, 
known as piezoelectric fields.  The spontaneous and piezoelectric fields in LED devices 
can become very important and can dominate carrier recombination characteristics.  
Since the III-nitrides are most commonly grown epitaxially along the c-direction, it is 
often of interest to calculate the piezoelectric fields present in this direction, based on the 
strain in the basal plane.  The piezoelectric field in the c-direction, Pz, is given by,
5
 
             (     ),      (1.1) 
where eab are the piezoelectric constants, ϵz is the strain along the c-direction, and ϵx and 
ϵy are the strain in the basal plane.  The value of the strain can be determined by lattice 
parameter measurements and is given by ϵz = (c – c0)/c0 and ϵy = ϵy = (a – a0)/a0 where c 
and a represent the lattice parameters and c0 and a0 represent the strain-free values.  The 
magnitudes and signs of e33 and e31 determine the size and direction of the piezoelectric 
fields.  Figure 1.4 shows an example of the spontaneous and piezoelectric fields in a 
wurtzite structure.  
 
1.3 The III-nitrides 
 The III-nitrides composed of AlN, GaN, and InN all exhibit a direct band gap and 
are most stable in the wurtzite crystal structure.  The direct band gap makes them suitable 
for light emission, as photons can be emitted without the need for the absorption of 
emission of one or more phonons, as in an indirect semiconductor.  Unlike some other 
common semiconductors, the III-nitrides appear to work well in light of the high density 
of threading dislocations which remain in the film after growth.
3
  Currently, bulk GaN 
wafers are too expensive for the commercial growth of devices, and most GaN is 
9 
currently grown on sapphire or SiC.  For optoelectronic devices, sapphire commands 
most of the market due to its availability and proven success.
6,7
  Epitaxial GaN on 
sapphire has a ~ 14% compressive strain,
6
 leading to threading dislocations present in 
GaN grown on sapphire.   
Table 1.1 shows some of the important parameters for the III-nitrides.  The 
polarization fields are defined such that negative values correspond to the –c-direction.  
For growth on c-plane sapphire, metalorganic chemical vapor deposition (MOCVD) of 
GaN typically leads to a (0001) polarity surface
8
, while molecular beam epitaxy GaN 
typically has a (000 ̅) surface,9 although there are reports of being able to control the 
polarity for either growth method.
10
 
 
Table 1.1.  Room temperature parameters for the III-nitrides. 
 
 
GaN InN AlN 
a0 (Å)
a
 3.189 3.533 3.112 
c0 (Å)
a
 5.185 5.693 4.982 
Band gap, Eg (eV)
a
 3.43 0.64 6.14 
Psp (C/m
2
)
b
 -0.029 -0.032 -0.081 
e33 (C/m
2
)
b
 0.73 0.97 1.46 
e31 (C/m
2
)
b
 -0.49 -0.57 -0.6 
         
a
Reference [11] 
         
b
Reference [5] 
 
  
1.4 Zinc oxide 
 A material which exhibits many similar properties to GaN is the II-VI compound 
ZnO.  ZnO crystallizes in a wurtzite structure, has similar piezoelectric properties, and 
has a direct band gap in the near UV.  Accordingly, the possible uses for this material are 
10 
similar to those for GaN and much research has been done, and continues on this 
material.  The main problem is controlling the properties of p-type ZnO.
12
  Table 1.2 
shows some of the important parameters for this material. 
 
Table 1.2.  Room temperature parameters for ZnO. 
 
 
ZnO 
a0 (Å)
a
 3.2496 
c0 (Å)
a
 5.2042 
Band gap, Eg (eV)
b
 3.3 
Psp (C/m
2
)
c
 -0.05 
e33 (C/m
2
)
c
 0.92 
e31 (C/m
2
)
c
 -0.39 
                 
             
a
Reference [13] 
             
b
Reference [12] 
             
c
Reference [14] 
 
 
1.5 Organization of the dissertation 
The work in this dissertation covers several topics, studied primarily by means of 
cathodoluminescence imaging and spectroscopy techniques.  The properties of p-type III-
nitrides are not fully understood; accordingly, a large part of the focus was on 
discovering the behavior of Mg acceptors and defects in these materials.  Chapter 2 gives 
a brief overview of cathodoluminescence and how it is used in this work.  Chapter 3 is a 
review of p-type GaN, as understanding the history of this material is necessary in order 
to make valid assumptions during data analysis.  Chapter 4 comprises the main body of 
work: the effects of low-energy electron beam irradiation on Mg-doped GaN, both at 
liquid helium and room temperatures.  Chapter 5 discusses the effects of adding a few 
percent of indium into p-type GaN doped with Mg.  The effects on the Mg acceptor 
11 
energy level and hole transport characteristics are discussed.  Chapter 6 is a study on the 
effects of nanoindentation on various surface orientations on ZnO.  The strain and stress 
characteristics are discussed in addition to the loading curves.  Chapter 7 is a summary 
and discussion of the possible direction of future works.
12 
Chapter 2 
EXPERIMENTAL TECHNIQUE: CATHODOLUMINESCENCE 
2.1 Introduction to cathodoluminescence 
 There are three main types of experiments that can be used to investigate 
semiconductors: optical, electrical, and structural.  Optical measurements examine 
properties such as light absorption, luminescence, and dielectric properties.  
Photoluminescence (PL) or cathodoluminescence (CL) can be used to study the light 
emission characteristics while techniques such as ellipsometry give information about the 
index of refraction and dielectric constants.  Electrical measurements investigate the 
characteristics of materials related to their conductivity and carrier type.  A Van der Pauw 
measurement gives information about the conductivity while a Hall measurement gives 
the sign of the relevant carriers.  Structural measurements focus on the crystalline 
arrangement and surface properties of materials.  Transmission electron microscopy and 
x-ray diffraction provide information on the crystalline arrangement, while atomic force 
microscopy or scanning tunneling microscopy give the surface structure and morphology.  
The majority of the work presented in this dissertation will focus on the use of CL to 
record and characterize the luminescent properties of semiconductors. 
CL has proven to be an extremely useful characterization technique.  Similar to 
PL, the key feature of CL is producing electron/hole (e
-
/h
+
) pairs in a material.  This is 
accomplished by exciting an electron from the valence band into the conduction band.  
These excited states then decay - producing photons, phonons, and Auger electrons.  The 
most common result of CL analysis is a graph of light intensity vs. wavelength of light,  
13 
Figure 2.1.  Mechanism of carrier generation and decay during cathodoluminescence.  
(A) Primary electron, (B) electron/hole pair generation, (C) thermalization by phonon and 
infrared photon emission, (D) free exciton, (E) bound exciton, (F) free-to-bound 
transition, (G) donor-acceptor pair, (H) non-radiative recombination through traps in the 
band gap. 
 
 
known as a spectrum (it is also common to convert wavelength of light to energy of light, 
using                      , where λ is the wavelength, E is the energy, and the 
refractive index of air is taken to be 1).  Much information can be gained from the 
luminescence spectra, including band gap energy, donor and acceptor energy levels, 
strain fields, alloy compositions, radiative defect energy levels, exciton binding energies, 
and internal quantum efficiencies.   
Figure 2.1 shows some of the primary electronic transitions which take place 
during a CL experiment.  First, Step A, an electron from the cathode of the scanning 
14 
electron microscope (SEM) enters the sample.  This is known as a primary electron and 
typically has an energy between 1 and 30 keV.  The interaction of this electron with the 
solid can have many effects: (i) x-rays are produced by transitions with the deeply-bound, 
core electrons of the atomic elements of the solid, (ii), backscattered electrons are 
produced from elastic collisions of the primary electrons with the nuclear cores of the 
atoms, (iii) secondary electrons are produced by inelastic collisions of the primary 
electrons with the electrons in the solid, (iv) the primary electron promotes an electron 
from the valence band into the conduction band, creating an e
-
/h
+
 pair.  This is shown in 
Step B in Fig. 2.1. Once the e
-
/h
+
 pair is created, the electron and hole quickly thermalize 
down to the conduction band minimum (CBM) and valence band maximum (VBM), 
respectively (Step C), by the emission of phonons and infrared photons.  There are 
several methods of recombination which are now available to the electron and hole.  First 
is the possibility of forming an exciton.  This is a hydrogen-atom-type interaction, where 
the two carriers form a bound state due to their Coulomb attraction.  A low energy 
phonon or photon is emitted to conserve energy.  The properties of the exciton, namely 
the binding energy and radius of orbit, can be estimated in many cases by the Bohr model 
of hydrogen,
15
 
         
 
  
 
  
          (2.1) 
   
 
 
  ,        (2.2) 
where En is the binding energy of the exciton, where µ is the reduced mass of the electron 
and hole in the semiconductor (in units of electron mass), ε is the relative permittivity of 
the material, and n is the primary quantum number; a is the radius of the exciton orbit, 
15 
with a0 = 5.29x10
-11
 m.  An important assumption used for this model is that the orbit is 
large enough that we can treat the solid as a continuous medium with a well-defined, 
constant relative permittivity, ε.  Using ε = 9.5 and µ = 0.162, the orbit radius comes out 
to approximately 3.10 nm.
16-18
  Assuming a spherical orbit and using N = 8.8x10
22
 
atoms/cm
3
 for GaN, the number of atoms inside a typical exciton volume is    
 
    ≈ 
11,000 atoms.  Therefore, the hydrogenic model of the exciton should be reliable in GaN.  
The ground state energy of the exciton is approximately equal to E1 = 24.4 meV, which 
agrees well with experiment, see Ref 18 and references therein, page 26.  Once an exciton 
is formed, the electron and hole can then recombine, emitting a photon of energy Ehν = Eg 
– E1.  This is shown as Step D is Fig. 2.1.  Alternatively, the exciton can become 
localized at a defect or impurity in the crystal; Step E shows an example of an exciton 
being localized on a local donor site.  The recombination energy is then Ehν = Eg – E1 – 
Eb, where Eb is the binding energy of the exciton to the defect.   
Step F and G highlight recombination occurring when one or more of the carriers 
becomes localized on a donor or acceptor state in the energy gap.  Bound-to-free 
transitions (Step F) occur when an electron (hole) in the conduction (valence) band 
recombines with a hole (electron) on an acceptor (donor).  In addition, there is a 
possibility of what is known as donor-acceptor pair (DAP) recombination, shown in Step 
G.  In this case, both carriers become localized on impurity states.  Initially, both the 
donor and acceptor are neutral; after recombination, the impurities are charged.  Due to 
this charging and the subsequent Coulomb attraction, the energy of DAP recombination 
can be expressed as, 
              
  
      
,     (2.3) 
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where EA/D is the acceptor/donor energy level, respectively, e is the elementary charge, ε0 
is the permittivity of free space, and r is the distance between the donor and acceptor.  
When using the recombination energy of a DAP transition to determine the donor and/or 
acceptor energy level, it is necessary to consider the last term in Eq. (2.3).  For very low 
impurity concentrations, r→∞, and the Coulomb energy term goes to zero; however, for a 
highly-doped material, this term can become significant compared to the donor and 
acceptor energy level.  In Fig. 2.1 Step G, the distance, r, is shown as zero, for simplicity.  
In reality, this situation is not possible.  Typically, for a doped semiconductor, the 
concentration of the intentional dopant is much higher than any other impurity and can be 
used to find the average separation, 〈 〉, between donors and acceptors.  The average 
distance between randomly-distributed, non-interacting dopants is given by,
19
 
 〈 〉  (    )
  
 ,       (2.4) 
where Ni is the concentration of the dominant impurity specie.  For a Mg-doped GaN 
sample with an acceptor concentration of   
  
≈ 1019 cm-3, the last term from Eq. (2.3), 
corresponding to the Coulombic energy, is ~ 60 meV, which is larger than the typical 
donor ionization energy in GaN.   
 Of course, excited carriers in a material can also recombine non-radiatively.  This 
occurs when the energy of the electron is lost either to exciting another electron (Auger 
recombination) or by the emission of phonons.  The latter case is typically accomplished 
through traps in the band gap.  An example of this is demonstrated as Step H in Fig. 2.1, 
where the dotted lines represent non-radiative recombination.   
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2.2 Penetration depth of electrons 
One question that should be addressed is the differences between, and 
specifically, the advantage of CL over the other common luminescence technique, PL.  
There are several features of CL which distinguish it from PL, other than the obvious 
difference in excitation method.  CL is typically performed in a SEM, and therefore the 
area of excitation is largely controlled by the magnification used.  Changing the size of 
the raster scan of the electron beam leads to a subsequent change in the area of light 
emission from the surface.  Due to the sophisticated electronics of the SEM and the 
ability to produce electron beams with diameters on the order of a nm, this leads to the 
ability of recording the light emission from a very small area on the sample surface.  
While the spatial resolution of a PL system is limited by the focus of the laser beam, the 
spatial resolution of CL is limited by the interaction volume of the primary electrons in 
the sample and the diffusion length of the carriers.  Therefore, PL’s spatial resolution is 
limited by external means (beam size, quality of optical lenses, etc.), while the CL’s 
spatial resolution is limited by the characteristics of the sample itself.  In addition, since 
the SEM allows one to create images of the specimen surface through correlation of the 
beam location and SE signal, it is possible to correlate the beam location with the CL 
signal.  This CL mapping is one of the most valuable features of CL.  An additional 
benefit of CL is that since electron beams with beam energies > 1 keV are typically used, 
a high level of excitation is produced independent of the band gap.  This is in contrast to 
PL, where one must employ a laser with a wavelength of light corresponding to an energy 
above the band gap.  This can become restrictive for high band gap materials.   
18 
The absorption of light in a material is typically governed by the Beer-Lambert 
law,  
 ( )     
    ,       (2.5) 
where I(x) is the intensity of light at a depth x, I0 is the intensity of the laser, and α is the 
attenuation coefficient.  Regardless of the intensity of the laser, the excitation region in 
the sample has the same shape, and therefore the distribution of excited carriers in the 
sample as a function of depth remains constant.  In CL, however, one can change the 
region where the majority of carriers are created by changing the acceleration voltage of 
the beam.   
In 1972, Kanaya and Okayama calculated the maximum penetration depth of 
electrons in a solid.
20
  The calculation is based on inelastic collisions between the primary 
electrons and electrons in the material as well as elastic collisions with atomic nuclei.  
Plasmon excitations in the solid are ignored as their contribution to the energy loss of the 
primary electrons is small.  The potential regarding the electrostatic interaction between 
the electron and the target atom, V(r), is given by,
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 .     (2.6) 
The atomic number of the target is Z, e is the electronic charge, and s is a numerical 
parameter.  The bracketed part of Eq. (2.6) is the effective screened radius of the atom, 
and will be subsequently abbreviated as a.  For classical, elastic Rutherford scattering, s 
= 1; for a constant energy loss, i.e. dE/dx = constant, s = 2.  It was empirically 
determined that s = 6/5 is applicable for the energy range of interest here, 10-1,000 keV.  
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The energy transfer due to inelastic collisions with electrons in the target can be found 
from the differential cross section for energy loss, 
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,      (2.7) 
here λs is a parameter determined empirically, and T and Tm are the energy transfer and its 
maximum value.  The energy loss per unit distance into the target is then given by, 
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,      (2.8) 
where N is the number density of atoms in the target.  Integrating this energy loss from 0 
to the energy of the electron beam gives the total distance or range of the electrons into 
the target.  This maximum penetration range, Rm, called the Kanaya-Okayama range, can 
be expressed as, 
    
  
 
 
    
 
   
 
  
  
   
.       (2.9) 
It is useful to substitute N = Naρ/A, where Na is Avogadro’s number, ρ is the density (in 
g/cm
3
) and A is the atomic weight (in g) of the target, as well as use λs=0.182, which was 
found to give good agreement with experiments.  After these substitutions, the 
penetration depth of electrons, Rm (in µm) as a function of beam energy, Eb (in keV) can 
be expressed as,  
  (  )        
  
   
 
 ⁄
  
 
 ⁄  .     (2.10) 
Figure 2.2 shows the results of this calculation for some semiconductors.  The atomic 
weights and number are given by the sum of the two atomic species for the compounds.  
The penetration depths for GaN and InN are very similar due to nearly canceling effects 
of differences in density, atomic weight, and atomic number.  This is a fortuitous result as  
20 
Figure 2.2.  Electron penetration depth for III-nitrides and ZnO, based on the Kanaya-
Okayama model. 
 
it allows the estimation of the penetration depth through a layered (In)GaN structure 
without the need for detailed modeling of the structure.  Equation (2.10) also agrees fairly 
well with experimental results –an example is highlighted in Fig. 2.3.  The CL spectra 
were recorded on a LED structure; the design is shown in Fig. 2.3 (a).  The arrows shown 
on the structure in Fig. 2.3 (a) correspond to the penetration depth for GaN calculated 
from Eq. (2.10).  Each CL spectra was acquired at room temperature with a constant 
incident power, i.e. as the voltage was increased the current was decreased.  The CL 
spectra for the different accelerating voltages are shown in Fig. 2.3 (b).  Using an 
accelerating voltage of 1 kV should only excite the highly-doped InGaN:Mg
++
 contact 
region of the LED; the peak observed near 3.27 eV is from this recombination in this 
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21 
layer.  Increasing the accelerating voltage to 2 kV penetrates to the lower doped 
InGaN:Mg
+
 region of the sample.  A Mg acceptor-related emission near 2.80 eV, as well 
as the previous peak, is observed to be coming from this layer.   
 
Figure 2.3.  (a) Diagram of LED structure used to investigate penetration depth.  
Penetration depth shown is calculated for GaN based on Eq. (10).  (b) Room temperature 
CL results showing the voltage dependence of the luminescence.  
22 
When the accelerating voltage is increased to 5 kV, the QWs in the active region of the 
device begin emitting light; however, the n-type GaN:Si underlayer emission is not 
visible at this voltage, as the penetration depth ends near the bottom of the active region.  
Using an accelerating voltage of 7 kV leads to emission from the GaN:Si underlayer, as 
well as the QW emission and a small contribution from the p-type InGaN layer.  These 
results highlight the usefulness of Eq. (2.10).   
However, while Eq. (10) does indeed seem to give fairly accurate penetration 
depths, in practice, it is typically observed to be an overestimate of the actual penetration 
of the primary electrons.  This could be due to the fact that this model was developed, 
and checked, using metallic elements (C, Al, Cu, Ag, Au, and U), and not the 
semiconductors commonly used in our studies.  For example, the most likely reason for 
observing the luminescence at 5 kV from the active region of the LED is probably due to 
the diffusion of excitons into the regions of lower band gap, i.e. the QWs, and not due to 
the penetration of the primary electron beam.  In addition, in a material with a large 
concentration of extended defects (e.g. thick InGaN films with a high indium content), 
the diffusion length of carriers will be much lower, and Eq. (2.10) has been observed to 
be an overestimation. 
      
2.3 Energy dissipation of primary electrons 
In order to clarify this further, it is useful to investigate the energy-dissipation 
shape of the electron beam in the sample by correlating the energy loss of the electron 
beam with the generation of e
-
/h
+
 pairs.  As previously stated, the interaction of kilovolt 
electrons in a solid are governed by two main processes: elastic, large-angle scattering 
23 
events with atomic nuclei and inelastic collisions with electrons in the sample.
22
  The 
elastic collisions with large scattering angles lead to backscattered electrons, removing a 
fraction, f, of the incident beam energy.  The rest of the energy is dissipated by the 
creation of e
-
/h
+
 pairs, acoustic phonons, and Auger electrons.   
Since CL is predicated on the generation of e
-
/h
+
 pairs, the energy dissipation 
function of the primary electrons is of great practical interest, in addition to the 
penetration range previously discussed. The energy dissipation function is essentially the 
same as the e
-
/h
+
 pair generation function.    It has been found that for the range of typical 
electron beam energies in the SEM (5-50 keV), the energy dissipation function can be 
represented by a universal curve.   
The ionization energy in the material, Ei, is defined as the energy necessary to 
create one e
-
/h
+
 pair.  This can be used to write an expression for g(x), which is defined as 
the number of e
-
/h
+
 pairs created per second per unit volume in a layer of the material, dx. 
 ( )  
  
         
  
  
 .       (2.11) 
Ib is the electron beam current.  The energy dissipation function is given by dE/dx.  In 
order to get a universal curve applicable for different beam energies, it is convenient to 
express dE/dx as a dimensionless parameter.  This is done by normalizing the energy and 
distance to create the normalized energy-loss parameter, λ(x), 
 (
 
  
)  
 (        )⁄
 (   ⁄ )
 
  
(   )  
  
  
.     (2.12) 
Here, (1-f)*Eb is the fraction of the beam energy which has not been lost to backscattered, 
primary electrons.  The range, RG, is called the Gruen range, and is related to the energy-
dissipation of electrons traveling through a medium.
23
  It has been found to be directly 
24 
proportional to the total path length of electrons in solids.
22
  In other words, the Gruen 
range is expected to have the same shape as the Kanaya-Okayama range, Rm, and 
therefore be proportional to Eb
5/3
. 
The normalized energy-loss function has been experimentally determined for 
elements with 10 < Z < 15 by measuring the current created by an electron beam in an 
oxide layer in a metal-oxide-semiconductor (MOS) device, and was found to be of the 
form:
22
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.  (2.13) 
Figure 2.4 shows the plot of  (
 
  
) from Eq. (13) as well as the integrated energy loss.  
The peak of  (
 
  
), which occurs at approximately 0.322*RG, is the region in the sample 
at which the majority of e
-
/h
+
 pairs are created.   
Figure 2.4.  Normalized energy-loss parameter of electrons in a solid and the integrated 
energy loss. 
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Since RG is a function of Eb, it is this peak in the energy-loss curve which allows one to 
perform depth-resolved CL as the beam energy is changed.  This is in contrast to the 
Beer-Lambert law, Eq. (2.5).   
Figure 2.5.  (a) Room temperature voltage-dependent CL of QW emission from the LED 
structure shown in Fig. 2.3(a).  (b)  Integrated CL intensity of the QW emission as a 
function of beam energy. 
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By integrating  (
 
  
) over a range dx, it is possible to use this function to find the 
Gruen range, RG.  Figure 2.5(a) shows the QW emission from performing constant power 
CL on the same LED structure described in Fig. 2.3 (a).   
The QW emission intensity is integrated for each Eb and plotted in Fig. 2.5 (b).  
The number of e
-
/h
+
 pairs created in the active region is highest when the beam energy is 
11 keV.  In order to check whether the normalized energy-loss curve well describes this 
behavior, the function is integrated from 120 to 190 nm, corresponding to the depth of the 
active region.  As previously stated, the Gruen range is proportional to the Kanaya-
Okayama range,     
  
, where α is some proportionality parameter to be found.  The 
integration of the normalized energy-loss function is done as follows, with Rm values 
obtained for each Eb from Eq. (2.10), 
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)   .        (2.14) 
The value that gives the best matching is α = 0.4.  Figure 2.6 shows the results of 
the normalized QW intensity found both from CL and from the normalized energy-loss 
equation.   
The two curves show very similar dependence on the emission intensity and 
therefore we conclude that while the maximum penetration depth can be approximated by 
Rm, the electron range more appropriate for the generation of electron/hole pairs is given 
by RG = 0.4*Rm.  This result confirms the validity of Eq. (13).  Everhart et al. found a 
value of α = 0.62 for their MOS structure at 20 keV.22   
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Figure 2.6.  Comparison of integrated QW intensity and the normalized energy-loss 
function.  A good match is obtained by         . 
 
 
The two curves show very similar dependence on the emission intensity and 
therefore we conclude that while the maximum penetration depth can be approximated by 
Rm, the electron range more appropriate for the generation of electron/hole pairs is given 
by RG = 0.4*Rm.  This result confirms the validity of Eq. (213).  Everhart et al. found a 
value of α = 0.62 for their MOS structure at 20 keV.22   
Now that the Gruen range has been found, it is possible to plot the energy-loss 
curves for different beam energies, as shown in Fig. 2.7.  For low energies, the function is 
considerably more peaked, giving better depth-resolution for CL.  As the energy 
increases, the energy-loss function spreads and the peak shifts to higher depths.  
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Figure 2.7.  The energy-loss function for different beam energies.  The active region of 
the LED is marked.  The area under the normalized energy loss curve is highest for 11 
keV.   
 
 
2.4 Energy dose 
Another important parameter of CL is the energy dose, ε, injected into the sample.  
This number will be important to know for low-energy electron beam irradiation (LEEBI) 
measurements.  Some semiconductors, notably GaN:Mg, has been shown to be sensitive 
to irradiation by a low-energy electron beam (like the one used in an SEM), and hence 
tracking ε allows us to quantify the history of the time, current, and beam energy the 
sample has been exposed to.  The energy dose is defined as, 
   
       
    
,        (2.15)   
where t represents the time that the sample has been exposed to the electron beam.  The 
energy dose has units of energy per unit area.  The area of the sample exposed to the 
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electron beam is proportional to the inverse square of the magnification, and has been 
calibrated for our SEM (JEOL 6300) as, 
      
         
(             ) 
          (2.16) 
 
2.5 Light collection and efficiency of detection 
Now that the energy dissipation and dose have been discussed, it is also important to 
consider how the light emitted by the e
-
/h
+
 pairs is detected.  Once the light leaves the 
sample, it emits from the surface in all directions.  A parabolic mirror is positioned above 
the sample and reflects a portion of these.  The working distance of the SEM is adjusted 
so that the focal point of the mirror is located at the sample surface; this ensures the 
maximum collection efficiency.  After reflecting from the mirror, the photons then travel 
through an optical window in the SEM, leading to the monochromator.  The 
monochromator consists of a set of mirrors and a grating.  The grating geometry used in 
our setup is known as a Czerny-Turner monochromator.  Figure 2.8 shows a diagram of 
the setup in our monochromator.  First, polychromatic light (represented by black lines) 
from the excited specimen enters into the entrance slit.  This light then reflects off a 
mirror (M1) and is sent to a collimator (C1).  The entrance slit is located at a distance 
equal to the focal point of C1, and therefore the light leaving this concave lens is parallel.  
The light then strikes the grating, which is controlled by an external motor and is free to 
rotate about the axis shown (perpendicular to the page).  
For a grating with a groove density of N (# of grooves per unit length), the 
diffraction condition for constructive interference is,  
    ( )     ( )            (2.17) 
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Figure 2.8.  Diagram of the Czerny-Turner monochromator used for the dispersion of 
light. 
 
 
The angle of incidence, α, and the angle of diffraction, β, are defined relative to the 
normal of the grating (see Fig. 2.8) while           .  For a given incident angle, 
α, Eq. (17) indicates that there will be different diffraction angles, β, for different 
wavelengths, λ.  This leads to the separation of polychromatic light into its separate 
components, as seen in Fig. 2.8.  After the light leaves the grating, it is again collimated 
(C2) and reflected (M2) towards the exit slit.  The grating is rotated (change in α), which 
allows different wavelengths of light to reach the exit slit.  The monochromator used in 
our system is the MonoCL2 system from Gatan, with a grating density of N = 1,200 
grooves/mm and a spectral range of 160-600 nm, although the efficiency of the response 
does not go to zero at 600 nm, as will be discussed later.  
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Each optical element in this system can introduce some dispersion, either from the 
entrance and exit slits or from non-ideal optical elements.  The dispersion due to the slit 
size for this system is 2.7 nm/mm.  A typical low temperature CL spectrum on GaN may 
be acquired with a slit width of 0.1 mm, leading to a dispersion of 0.27 nm.  This 
becomes important if studying the excitonic region of some materials, where free, 
neutral-bound, and ionized-bound excitons can be separated by very small wavelengths. 
 After leaving the exit slit of the monochromator, the light enters a photomultiplier 
tube (PMT).  The PMT works by amplifying the signal from the light.  This is 
accomplished by a series of plates (dynodes), which are held at progressively higher 
voltages (from 0 to 1500V).  Each incoming photon strikes a photocathode, which 
produces one or more electrons.  The electrons are accelerated to the subsequent dynodes, 
each time producing more electrons – this is known as a cascade effect.  The final signal 
is read at the last dynode, and the current measured here is directly proportional to the 
intensity of the incoming light.  The PMT used in our system is a Hamamatsu R943-02.  
The detector is a GaAs photocathode and has a spectral response range from 160-930 nm, 
although it is most sensitive only from 300-850 nm.     
 The issue of sensitivity, or efficiency, of our CL system is very important.  It 
would be ideal to know the efficiency of each component of our system, specifically: 
                                              ,  (2.18) 
where Πx is the efficiency of component x.  Since the efficiency of each component is not 
known, measuring Πtotal is more appropriate.  Towards this end, an incandescent light was 
mounted inside of the SEM chamber.  Since an incandescent bulb emits light based 
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approximately on a blackbody radiation spectrum, it is possible to match the recorded 
spectrum with the blackbody spectral radiance function, 
  (   )  
    
  
 
      ⁄   
       (2.19) 
Here, h is the Planck constant, c is the speed of light in a vacuum, k is the Boltzmann 
constant, and T is the temperature in Kelvin.  The intensity of the light bulb was recorded 
and fit with Eq. (2.19).  Figure 2.9(a) shows the results of the CL spectrum and the 
blackbody fit.  Our system is optimized for the near UV spectral range, and therefore we 
expect that the efficiency will be a maximum around 300 nm.  Accordingly, we see that 
the shape of the recorded spectrum of the incandescent bulb is indeed nearly a blackbody 
emission, until around 550 nm.  At this point, the grating efficiency begins to drop.  Near 
850 nm, the photomultiplier efficiency essentially drops to zero, bringing the recorded 
intensity of the bulb down to the background count level.   
By dividing the recorded CL spectrum by the ideal blackbody emission, we obtain 
the relative efficiency of our CL system, Πtotal.  This ratio is shown in Fig. 2.9(b); this 
graph displays the relative efficiency of our CL system, normalized to the blue/near-UV 
region of the spectrum.  The efficiency of our system is fairly uniform until around 550 
nm, where it begins to drop approximately linearly to ~ 0.05 around 900 nm.  One can 
correct for the efficiency of the CL system by dividing the recorded spectrum by the 
curve in Fig. 2.9(b).  The increase in the intensity of the recorded spectrum near 720 nm 
seen in Fig. 2.9(a) is likely due to the second order diffraction of the light emitted at 360 
nm, (see Eq. 2.17).   
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Figure 2.9.  (a) Cathodoluminescence spectrum of a 100 W incandescent bulb with a 
blackbody curve fit to the violet-blue region.  (b) Relative efficiency of our CL system, 
obtained by dividing spectrum in (a) by the blackbody fit.  The monochromator grating 
and the photomultiplier tube lose efficiency about 400 nm.  The response of the 
photomultiplier tube is essentially zero above 850 nm. 
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2.6 Time-resolved cathodoluminescence 
Another measurement technique employed is time-resolved CL (TRCL).  A 
parallel plate capacitor is placed by the cathode of the SEM.  The plate is then 
periodically charged, temporarily deflecting the electron beam.  The monochromator is 
set at the desired wavelength, and the light intensity is correlated with the blanking of the 
beam.  In this way, the temporal behavior of the sample excitation and light decay in the 
material can be investigated.  Figure 2.10 shows an example of a TRCL spectrum taken 
on the QW emission (423 nm) of an LED.  The beam is “turned on”, or unblocked, 
around 150 ns and is “turned off”, or blocked, around 250 ns.  During this 100 ns 
interval, e
-
/h
+
 pairs in the sample are created and begin recombining.  Eventually, after 
around the 200 ns mark, steady state is reached.  This is characterized by the generation 
rate and decay rate being equal and can be seen as a line with zero slope in Fig. 2.10.  As 
the beam is blocked around 250 ns, no more e
-
/h
+
 pairs are being generated, and the 
decay of the line is monitored.  This decay is typically fit by the sum of one or more 
decaying exponential functions to derive carrier lifetimes: 
 ( )    
 
 
     
 
 
          (2.20) 
where I(t) is the intensity, A and B are initial intensity values, and τ1 and τ2 are the 
lifetimes are recombination events.   
35 
 
Figure 2.10.  An example of a time-resolved CL spectrum recorded on the emission from 
a QW emitting blue light.  The beam on and beam off time are marked.  The decay 
portion of the curve gives information about the lifetime of the excited carriers. 
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Chapter 3 
 
INTRODUCTION AND LITERATURE REVIEW OF MG-DOPED GAN 
3.1 p-type Mg-doped GaN (GaN:Mg) 
Two types of semiconductors are necessary for the operation of the majority of 
solid state devices: n- and p-type.  A semiconductor which has an abundance of mobile 
electrons in the conduction band is known as n-type.  This is typically accomplished by 
doping the material with an element that has a higher number of valence electrons than 
the semiconductor, e.g. doping Si with P. When substitutionally incorporated, Psi, the P 
atom donates its extra electron to the lattice.  This electron is nearly free and can conduct 
electricity. 
Alternatively, a semiconductor which has electrons missing from the valence 
band is known as p-type.  Similarly to the n-type, this is accomplished by doping with an 
element that has fewer valence electrons than the semiconductor, for example, Si doped 
with B.  The p-dopant then leaves one bond unfilled, leaving a positively-charged broken 
bond.  This unfilled bond can migrate throughout the crystal under the influence of an 
electric field, and thus acts as a positive charge carrier. 
While the doping of semiconductors is a very common practice, each material has 
its own properties, intricacies, and problems.  Most undoped GaN exhibits n-type 
conductivity.  This has been attributed to nitrogen vacancies
24,25
 as well as extrinsic 
unintentional donors such as O and Si.
26,27
  The control of the n-type conductivity was 
solved in 1991, as silane (SiH4) was shown to effectively dope GaN.
28
  The Si 
incorporates on a Ga site, leading to controllable, low-resistivity n-type samples.   
37 
The issue of obtaining p-type material was hindered by the difficulty in finding a 
dopant which both incorporated effectively into the lattice and gave a high hole 
concentration.  Both Group II elements
29
 and Group IV elements
29,30
 have been 
investigated.  Crucially, in 1989, Amano et al. realized p-type conduction in a 2-3-µm-
thick GaN film grown on sapphire by MOCVD.
31
  The film was doped with 2x10
20
 cm
-3
 
Mg atoms and exhibited a hole concentration of 2x10
16
 cm
-3
.  The film was rendered p-
type by low-energy electron beam irradiation (LEEBI).  This process will be discussed 
later.  After Mg was identified as a viable acceptor atom in GaN, more work started on 
this important material.  In 1992, Nakamura et al. discovered that heating, or annealing, a 
Mg-doped GaN (GaN:Mg) sample in vacuum or an N2 ambient atmosphere at 
temperatures above 500 °C began significantly decreasing the resistivity, with the 
minimum being reached using an annealing temperature greater than 700 °C.
32
  This 
annealing procedure has revolutionized the GaN-based semiconductor industry.  Also in 
1992, the Nichia group published a report hypothesizing the possible importance that 
hydrogen may play in the passivation of the Mg atoms.
33
  By performing the post-growth 
anneal on a LEEBI-activated GaN:Mg  sample with either a N2 or a NH3 atmosphere, 
they determined that above 400 °C, the anneal with NH3 led to a highly resistive film.  
Since hydrogen is a common contaminant in MOCVD growth (sources include the carrier 
gas H2, the nitrogen source NH3, and the methyl groups from TMGa) and is always 
present, they attributed the resistive nature of as-grown GaN:Mg as being due to the 
presence of Mg-H complexes which passivate the acceptor action.  During the thermal 
anneals with N2 and NH3, they attributed the decrease (increase) in resistivity as being 
due to the removal (creation) of neutral Mg-H complexes.  This behavior of H in GaAs
34
 
38 
and Si
35
 had previously been established.  The passivation action is accomplished by the 
hydrogen atom donating its electron to the Mg atom, thus making the Mg isoelectric with 
a Group III element.  The now positive hydrogen ion is bound electrostatically to the 
negative Mg ion.  This complex is stable at room temperature and leads to highly 
resistive as-grown MOCVD films.  There are two steps that are needed for hole 
conductivity. First, it is necessary to break the Mg-H bond; second, the Mg and H must 
be physically separated.
36
  This is required to prevent both passivation (Mg-H complex) 
and compensation (H
+
 as a donor).  The preferred charge state of hydrogen in p-type GaN 
is H
+
, as both H
-
 and H
0
 are unstable.
36
  The migration barrier for H
+
 is small, and its 
chemical activity is high, leading to complexes with both Mg and VN.
37,38
  The binding 
energy of the Mg-H complex has been calculated to be 0.7 eV
37
 and 1.5 eV.
36
  
Experimental work has been performed to validate this Mg-H model.  Gӧtz et al. in 1995 
performed remote plasma hydrogenation of p-type GaN at 600 °C and tracked the 
concentration of hydrogen (
2
H, deuterium) in the sample.
39
  This experiment and others 
have shown that the hydrogen concentration in as-grown GaN:Mg tends to be a 
significant fraction of the Mg concentration, leading to passivation.
40,41
  In addition, local 
vibrational mode (LVM) spectroscopy was performed to identify the nature of the 
complex.  A mode at 3125 cm
-1
 was observed in as-grown MOCVD GaN:Mg.
37
  This, as 
well as density functional theory calculations,
42
 showed that the most stable place for the 
H ion was not at the bond center between atoms, as is the case for Si or GaAs;
36
 but 
rather, at the antibonding site of the nearest neighbor nitrogen atom.  The observed LVM 
mode of 3125 cm
-1
 is very close to that of the N-H mode at 3444 cm
-1
 observed in other 
semiconductors.
43
  In addition, by hydrogenating the sample with deuterium, this peak 
39 
shifts by approximately  √ ⁄  to 2321 cm-1, as would be expected for a N-2H bond.44  In 
addition, GaN:Mg growth performed by molecular beam epitaxy (MBE) has shown no 
need for a post-growth activation technique.
45
  This is because the Ga, N, and Mg are all 
typically introduced without the presence of H.  The complexing of Mg with H and the 
passivation of the acceptor action as a result is now a well-accepted explanation for the 
above-mentioned observations. 
 
3.2 Compensating donors in GaN:Mg 
 Another very important factor in p-type GaN is the presence of compensating 
donors in the material.  The formation energy of donors decreases significantly with a 
decreasing Fermi level, for both extrinsic and intrinsic donors.
38,46
  The most likely 
extrinsic donors are unintentionally incorporated Si, O, or H, present from the growth 
process.  For intrinsic donors, most attention has been paid to the nitrogen vacancy, VN; a 
complex of the nitrogen vacancy with a hydrogen atom, VN-H; or a complex of Mg and 
VN, Mg-VN.
25,27,38,45
   By fitting temperature-dependent Hall data, Kozodoy et al. 
obtained compensating donor concentrations in GaN:Mg in the mid- to high- 10
18
 cm
-3
 
with Mg acceptor energy levels of 125-200 meV.
46
  When GaN is unintentionally doped 
during MOCVD growth, the background donor concentration is typically two orders of 
magnitude lower.
47
  The doping concentration of Mg in p-type films is typically in the 
10
19
 cm
-3
 range, resulting in a concentration of ‘active’ Mg of less than 1018 cm-3.48,49  
The relatively high number of ionized donor dopants in GaN:Mg leads to considerable 
compensation of the Mg acceptors, and is one of the reasons for the much higher 
resistivity of p-type layers (ρh ≈ 1 Ω-cm) compared to n-type layers (ρe < 0.1 Ω-cm).
50
  
40 
Mg concentrations above 10
20
 cm
-3
 can exceed the solid solubility limit and lead to 
Mg3N2 precipitation.
51,52
  The high acceptor energy level, presence of compensating 
donors, and solubility limit of Mg all limit the hole concentration in GaN:Mg. 
 
3.3 Optical transitions in GaN:Mg 
 Much work has been done to identify the luminescent centers in GaN:Mg.  Many 
photoluminescence (PL) and cathodoluminescence (CL) studies have been performed at 
various temperatures and excitation powers.  PL and CL done at low temperature (< 10 
K) are typically characterized by bound exciton luminescence and donor-acceptor pair 
(DAP) transitions.  Typical bound excitons include two distinct donor-bound excitons at 
3.471 and 3.472 eV.  These are typically attributed to SiGa and ON, respectively, although 
the precise attribution is difficult due to the close emission characteristics and very 
similar donor energy levels.
53
  In addition, two acceptor-bound excitons, labeled   
   
(3.464 eV) and   
   (3.454 eV) are commonly observed.54  In p-type GaN:Mg, the 
acceptor-bound exciton luminescence is typically more intense than the donor-bound or 
free exciton recombination.  The   
   is normally attributed to an exciton bound to a 
neutral MgGa site, while the origin of   
   is not clear55 and is sometimes not attributed to 
Mg at all.
54,56
   
Low temperature luminescence experiments also show a high propensity for DAP 
transitions in this material.  The most commonly observed DAP is located at 3.25-3.29 
eV and typically shows 1-4 distinct longitudinal optical (LO) phonon replicas.
54,55,57
  
These phonon replicas are separated by 92 meV from the zero-phonon line and can 
obscure additional, underlying luminescent bands.  There have been several reports of a 
41 
broad DAP at 3.14-3.21 eV which has been associated with Mg, either as MgGa or some 
other Mg-related site.
54,55,58
  A lower energy DAP has also been observed in LT 
measurements, located around 2.8 eV.
57
  Since these three distinct DAPs (3.27, 3.2, 2.8 
eV) are found in GaN after Mg doping, it is common and indeed reasonable to attribute 
their acceptor as Mg-related.  The donor for the 3.27 eV DAP has been attributed to H as 
well as the VN-H complex.
58,59
  The donor for the 3.2 eV DAP is not established, 
although extrinsic donors such as SiGa or ON are likely too shallow to be responsible.
60
  
The donor for the DAP located near 2.8 eV is thought to be related to a VN: specifically, a 
nearest-neighbor complex of VN and MgGa.  The VN-Mg complex will behave as a double 
donor in the material.
61,62
 
Room temperature luminescent measurements of GaN:Mg are dominated by free 
exciton and band-to-band transitions [band edge (BE) emission], band-to-dopant 
transitions, and DAP transitions.  The exciton binding energy of GaN is ~ 25 meV [see 
Chapter 2, Eq. (1)], which is nearly kbT at room temperature, so it is expected that a 
substantial number of free excitons exist at room temperature, allowing for the 
observation of band-to-band transitions and excitonic transitions.  Luminescent bands in 
GaN:Mg at energies from 3.2-3.3 eV have been attributed to a transition between a free 
electron in the conduction band to a bound hole on a Mg acceptor, labeled e-Mg
0
.   
Due to the prominence of residual donors, a lower energy DAP around 2.8 eV at 
RT is commonly observed in GaN:Mg, and its luminescence was monitored closely by 
Nakamura et al. during thermal annealing experiments.
32
  During thermal annealing 
experiments, the intensity of the 2.8 eV DAP increase in intensity while the sample 
resistivity dropped.  However, at the highest annealing temperatures, the resistivity 
42 
remained low while the 2.8 eV intensity decreased.  Therefore, the intensity of this peak 
was not found to directly correlate to sample conductivity.  This band was also 
investigated by Kaufmann et al. and was found to be the same DAP band at 2.8 eV in LT 
measurements, and was therefore attributed to a VN-Mg donor to a Mg acceptor.
27
 
 
3.4 Low-energy electron beam irradiation (LEEBI) 
 Since it was discovered that LEEBI can convert resistive GaN:Mg to p-type, there 
have been many studies which have attempted to correlate the optical properties observed 
during and after LEEBI with a Mg activation mechanism.  During room temperature 
LEEBI experiments, it is typical that emission from e-Mg
0
 increases significantly.
48,63-66
  
This is due to Mg-H complexes being separated from the effects of the electron 
irradiation, thus providing a higher concentration of Mg through which conduction band 
electrons can recombine.  In addition, the DAP recombination near 2.8-3.0 eV has been 
reported to decrease with LEEBI.
48
  The donor in this transition was attributed to a VN-H 
complex and the acceptor to a MgGa; the decrease in intensity was due to electron beam-
induced dissociation of the VN-H. 
It should be noted that the opposite result for the e-Mg
0
 transition has also been 
reported – LEEBI done at room temperature on activated GaN:Mg leads to a decrease in 
e-Mg
0
 luminescence.
67
  In this study, the BE luminescence also decreased in intensity, 
and these results were interpreted as being due to increased minority carrier diffusion 
length.  Due to the trapping of primary electrons on the Mg acceptors, the acceptors 
become unavailable for e-Mg
0
 recombination.  This leads to an increase in the diffusion 
length of excited carriers and hence their lifetime, which is inversely proportional to the 
43 
rate of radiative recombination.  Very high energy doses were used and any residual Mg-
H complexes in the films would be quickly removed. Therefore, this result highlights a 
different behavior than Mg activation in this film.  Care must be taken to analyze energy 
doses and history of Mg activation in order to make correct conclusions from the 
luminescent behavior. 
LEEBI performed at low temperatures (LT) has noticeably different effects.  The 
DAP band located near 3.27 eV in GaN:Mg typically decreases significantly with 
electron dose.
58
  In addition, for as-grown GaN:Mg (MOCVD growth), a band near 3.1 
eV was created during LT LEEBI.
58
  If the film was annealed at 780 °C in a 
H2(5%)/N2(95%) ambient before performing LEEBI, the band near 3.1 eV was not 
observed.  Accordingly, the donor in the 3.27 eV band was assigned to VN-H while the 
donor in the 3.1 eV band was assigned to VN; MgGa was assigned as the acceptor for both 
DAP recombinations.  This report also mentioned the disappearance of a band near 3.37 
eV under LT LEEBI; these transitions were attributed to deeply-bound excitons located at 
structural defects.  Others have found CL in as-grown GaN:Mg near 3.4 eV that is 
sensitive to LEEBI performed at low temperatures.
68
  As LEEBI was performed, they 
observed the apparent creation of three distinct radiative bands – near 3.31, 3.37, and 
3.42 eV.  As the time of irradiation was increased, the intensity of these bands increased 
while the acceptor-bound exciton,   
  , decreased.  This effect happened more quickly at 
higher accelerating voltages.  They attributed the bands as being due to extended defects 
created in the crystal during irradiation.  Namely, the 3.42 eV band was assigned to 
recombination at basal-plane stacking faults, the 3.37 eV was assigned to recombination 
at prismatic stacking faults, and the peak at 3.31 eV was assigned to recombination of 
44 
carriers at partial dislocations terminating basal-plane stacking faults.  PL performed on 
these samples did not create any of these bands.  Another report has demonstrated that LT 
LEEBI on GaN:Mg results in the CL emission of the sample red-shifting from 3.35 eV to 
3.22 eV.
63
  This was accompanied by an increase and subsequent decrease in the overall 
luminescence.  They also found that the LEEBI process was athermal, i.e. when LT 
LEEBI was performed and the sample was warmed up to room temperature, the shape 
and enhancement of the CL spectrum was very similar as when the RT LEEBI was done 
under the same conditions.  This is an important result and suggests that the effects of 
LEEBI are not due to local heating from the electron beam, but rather from electronic 
interactions between charged sites in the sample and the electron beam.   
 It is in this historical context that the analysis of our CL studies of GaN:Mg will 
be done. 
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Chapter 4 
 
CATHODOLUMINESCENCE OF MG-DOPED GAN 
4.1 Introduction  
As previously outlined in Chapter 3, hydrogen plays a very important role in 
GaN:Mg, however, the exact role it plays in the passivation, compensation, and optical 
properties is not fully understood.  Specifically, there are reports which attribute the same 
optical signatures in the material as being due to different transitions.  By using CL to 
record the luminescence of GaN:Mg before, during, and after performing LEEBI, we can 
identify the optical transitions specific to hydrogen and its complexes.  The behavior of 
the CL and the effects of the LEEBI are compared between as-grown, N2 annealed, and 
N2(95%)/H2(5%) annealed films.  The MOCVD as-grown film is highly resistive, while 
the thermal anneals convert the GaN:Mg into p-type material. 
The CL spectra for GaN:Mg, specifically as-grown, are typically sensitive to the 
amount of electron irradiation the sample has been exposed to.  Careful tracking of the 
history of exposure to the electron beam is necessary in order to quantify the LEEBI 
results.  In this chapter, we will report on the effects of LEEBI on the CL spectra as a 
function of energy dose, ε, as defined in Chapter 2 and given by            , where 
Vacc is the accelerating voltage of the electron beam, Ib is the electron beam current, t is 
the time of exposure, and A is the area exposed to the irradiation.  It is also possible to 
track CL changes as a function of the charge deposited per unit area: this would be 
known as the electron-beam dose, δ.37  There is a simple conversion between these two 
values:    (
 
    
).  Since we have used a constant Vacc for all our experiments in this 
chapter (5 kV), these approaches are essentially identical.  It is also common to record the 
46 
changes in CL spectra as a function of time;
48,63,69,70
 however, differences in Vacc, Ib, and 
Area will be important and must be taken into account. 
There are two ways that the energy dose is changed for our LEEBI experiments.  
First, we track the changes in the CL spectra as a function of time exposed to the beam, t.  
This is quite straightforward and allows one to make direct observations of the effects of 
LEEBI.  The other method we use is to change the magnification.  This allows us to 
change the energy dose over a large range without the need for waiting very long periods 
of time.  As could be expected, the effects of LEEBI are increased as the magnification in 
the SEM is increased.  This is due to the electron beam being rastered over a smaller area, 
leading to a higher energy dose.  The highest magnification used in this study was 
33,000, corresponding to an area of 9.64 µm
2
.  We can assume an average depth of the 
electrons to be around 0.1 µm for a 5 kV beam in GaN.  For a randomly-distributed Mg 
acceptor concentration of 3x10
19
 cm
-3
, this gives us an average number of acceptors in 
the interaction volume of around 3x10
7
.  Therefore, at the highest magnification used, we 
are averaging the behavior of the acceptor-related luminescence over a very large number 
of acceptors.  This allows for the assumption of homogeneity of the sample even at the 
highest magnification.   
It is worth noting that changing the magnification also changes the power density, 
or dose-rate, deposited in the sample, while changing the exposure time does not.  This is 
due to the fact that the beam current (a constant) is rastered over a smaller area.  We have 
found that the spectral changes are most consistent when described in terms of energy 
density, not power density, and therefore this is why we record them as a function of 
energy density.  Myers et al. also determined a negligible dependence on the dose-rate.
37
  
47 
It is important to note that Ib  and Vacc are kept at 300 pA and 5 kV for every spectra, 
unless otherwise noted.  By maintaining a constant accelerating voltage and constant 
beam current, we can minimize the effects of differences in power density on the LEEBI.     
 
4.2 Cathodoluminescence of Mg-doped GaN grown by metalorganic chemical vapor 
deposition 
The films investigated in this section were grown by MOCVD and consist of 1-
μm-thick Mg-doped GaN films grown on 2.5-μm-thick, undoped GaN on c-plane 
sapphire.  The growth temperature was 1060 °C and the Mg concentration, measured by 
secondary ion mass spectroscopy, is 3-4x10
19
 cm
-3
.  Two samples underwent a rapid 
thermal anneal at 850 °C for 3 minutes: one in a N2 ambient, one in a N2(95%)/H2(5%) 
ambient.  These conditions were picked to investigate the role hydrogen plays in the CL 
and its dynamic behavior.  It is assumed that during the thermal anneal, the hydrogen 
associated with the Mg acceptors migrates to other semi-stable defect sites, as well as 
being released from the sample.  However, with the presence of hydrogen in the 
annealing atmosphere, the process of desorption may be greatly reduced and, in fact, 
more hydrogen may be introduced into the crystal, dependent on the partial pressure of 
the hydrogen gas and its diffusivity through the sample.  It has been shown that hydrogen 
can be incorporated into Mg-doped GaN films by a 700 °C thermal anneal in H2,
71
 a 600 
°C remote plasma hydrogenation,
44
 and a NH3 anneal at temperatures greater than 600 
°C.
33
  We also investigated an as-grown (resistive) Mg-doped GaN film grown under 
identical conditions, without any post-growth thermal anneal treatment.   
48 
The CL was performed in a Gatan MonoCL2 system with a Hamamatsu R943-02 
photomultiplier tube.  At Vacc = 5 kV, we expect the maximum electron depth to be no 
more than 250 nm (see Fig. 2.2), i.e. the CL is generated entirely in the 1-μm-thick 
GaN:Mg region of the sample.   
The bulk electrical properties of the samples were measured by a traditional four-
pin Hall measurement and are given in Table 4.1.   
 
Table 4.1.  Room temperature electrical properties of 1-μm-thick Mg-doped GaN films.  
The anneals were performed at 850 °C for 3 minutes.  The as-grown sample was un-
annealed. 
 
 
Resistivity 
(Ω-cm) 
Mobility 
(cm
2
/V-s) 
Hole 
concentration 
(cm
-3
) 
as-grown > 100 --- --- 
N2 annealed 0.79 10.2 7.8x10
17
 
N2/H2 annealed 1.02 12 5.1x10
17
 
 
After metal contacts (Ni/Ag) were added, a thermal anneal at 550 °C (350 °C) in O2 was 
performed on the annealed (as-grown) samples in order to obtain Ohmic contacts.  It has 
been shown that an anneal at this temperature will not significantly change the resistivity 
of activated Mg-doped GaN samples.
33
  Additionally, CL performed on the samples after 
this contact anneal appears nearly identical to the CL performed before the contact 
anneal.  Table 1 shows the hole concentration is lower in the sample annealed in N2/H2; 
however, its mobility is higher.  This suggests that some of the Mg atoms in the N2/H2 
annealed sample have been passivated by H, as there are fewer holes and fewer ionized 
impurities for carrier scattering.   
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A.  Low temperature LEEBI of Mg-doped GaN 
Figure 4.1 shows the LT CL spectrum for each of the films, taken at liquid helium 
temperatures.  This was obtained using a very low beam current (5 pA) to minimize 
LEEBI effects.  We expect the CL spectra to be rather stable over this energy dose (3.5 
keV/nm
2
), as significantly higher energy doses result in slow spectral-shape changes.  
The as-grown film shows a higher overall luminescence due to the much higher DAP 
signal.  We attribute this to a large number of compensating donors available for DAP 
recombination in this resistive sample.  These donors are tentatively assigned as being 
hydrogen-related.  At this beam current, the acceptor-bound exciton,   
  , is evident in 
the annealed samples, but not in the as-grown film.   
Figure 4.1.  CL spectra of Mg-doped GaN films taken at 4.4 K, Vacc = 5 kV, Ib = 5 pA, t = 
58 sec, A = 2,625 μm2.  A low energy dose was used to limit the effects from LEEBI.   
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At liquid helium temperatures, the DAP is the preferred recombination pathway if the 
concentration of donors and acceptors is high.     
Figure 4.2 shows the CL spectra of these samples as LEEBI is performed.  We 
note an increase in the intensity ratio between the DAP and the   
   in the annealed 
samples.  The increase in the DAP intensity implies that the electron beam is increasing 
the concentration of donors and/or acceptors available for the transition. It is possible that 
the electron beam is dissociating residual Mg-H complexes, thus leading to a higher Mg 
concentration.  As will be discussed later, we are also likely increasing the number of 
donors.     
We also note the appearance of two luminescent peaks near 3.4 eV, labeled DBE1 
(~ 3.41 eV) and DBE2 (~ 3.37 eV) in Fig. 4.2.  These peaks are most evident in the as-
grown and the N2/H2 annealed films.  As LEEBI is performed, the DBE1 is seen to 
increase in intensity in all three films.  For the as-grown film, this peak becomes intense 
at a relatively low energy dose (ε = 74 keV/nm2).  For the N2 annealed film, the peak is 
not evident until considerably higher energy doses (ε > 400 keV/nm2).  The N2/H2 
annealed film shows similar behavior as the N2 annealed film.   
As the energy dose increases, the DBE2 becomes evident.  As seen in Fig. 4.2, 
this peak requires higher energy doses than DBE1 to appear in the spectra.  In addition, 
its intensity is highest in the as-grown film, followed by the N2/H2 annealed film, then the 
N2 annealed film.  This intensity trend follows the resistivity of the films, as seen in Table 
4.1. 
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Figure 4.2.  CL spectra of Mg-doped GaN films taken at 4.4 K, Vacc = 5 kV, Ib = 300 pA, 
A = 4.2x10
3
 μm2.  Two peaks, labeled DBE1 and DBE2, are seen to increase in intensity 
as the energy dose increases – most notably in the as-grown and N2/H2 annealed films. 
 
In short, we observe two distinct CL peaks which appear during LEEBI and 
which seem to be related to the activation of the sample.  Due to their recombination 
energies near 3.41 and 3.37 eV, we attribute them to deeply-bound excitons (DBE).  The 
energy differences between the band gap (3.503 eV) and DBE1 and DBE2 are 93 and 133 
meV, respectively.  This difference is too small to be a DAP as there are no known 
acceptors in GaN with an acceptor energy level < 120 meV.  Also, band-to-dopant 
transitions (e.g. e-Mg
0
) are thought to be much less favorable than dopant-to-dopant 
transitions (e.g. DAP) at 4 K as most electrons will either be located on donor sites or in 
excitons.   
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The presence of deeply-bound excitons in as-grown Mg-doped GaN films has 
been observed previously in LT CL spectra.
58,68
  Under electron beam irradiation, Pozina 
et al. observed CL peaks with energies of 3.42, 3.37, and 3.31 eV; labeled D1, D3, and 
D2, respectively.
68
  They found these transitions to be metastable: their presence and 
intensities were dependent on the specific CL parameters (exposure time and accelerating 
voltage) and post-irradiation treatments.  The transitions were identified as being due to 
extended defects which were formed in the films during the electron irradiation.  This 
assignment was based on reports of transitions at similar energies being observed in 
nonpolar a-plane GaN and correlated to both prismatic (3.33 eV) and basal-plane (3.41 
eV) stacking faults.
72,73
  While our CL measurements have shown very similar 
recombination energies, their assignment as stacking fault luminescence is not certain.  
Due to the stability of the luminescence of n-type GaN under LEEBI, we believe that CL 
under normal operating conditions (3-15 keV, 0.05-5 nA) does not create a large 
population of stacking faults in GaN, regardless of doping.  In addition, the threshold 
energies for the displacement of Ga and N atoms in GaN are calculated to be ~ 450 and 
70 keV, respectively.
58 
 The electron beam energy in these experiments is considerably 
less than this.  The composition of the annealing atmosphere (hydrogen vs. no hydrogen) 
creates a large difference in the excitonic recombination behavior, as observed in Fig. 
4.2.  The creation of stacking faults during irradiation will most likely not be dependent 
on annealing atmospheres at identical temperatures.  The integrated CL intensity from 
2.90-3.55 eV increases in all cases with the energy dose seen in Fig. 4.2.  Accordingly, 
the number of radiative recombination centers created from the electron beam is at least 
more than the number of non-radiative centers created.   
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It has been suggested that the most likely candidates for unstable centers in Mg-
doped GaN are H, MgGa-H and VN-H.
58
   We believe that the residual hydrogen present in 
the as-grown film, as well as hydrogen from the N2/H2 anneal, remains in the samples 
and interacts with native defects in such a way as to produce the DBE emissions.   
By increasing the magnification on an unexposed area of the sample, it becomes 
possible to monitor the effects of LEEBI over a very large energy dose range.  In order to 
analyze our LEEBI results, we have fit each CL spectrum taken on each film with 
Gaussian peaks.  An example of the fitting, on the N2/H2 annealed film, is shown in Fig. 
4.3.  We have used five independent Gaussians for each spectrum:   
   with 1 phonon 
replica, two deeply-bound excitons DBE1 and DBE2, the DAP near 3.29 eV with 3 
phonon replicas, and a lower energy DAP near 3.15 eV.  The presence of the DAP near 
3.15 eV is masked by the more intense 3.29 eV DAP, however, its existence in the CL 
spectrum of Mg-doped GaN has previously been reported.
54,55,58
  The CL spectra were 
not well fit without all five of these independent Gaussians.  The widths of the phonon 
replicas were restricted to be the same as their zero phonon line emission, and their 
intensities followed,
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where In is the intensity of the n
th
 LO phonon replica, n is the number of LO phonons 
emitted, and S is the Huang-Rhys factor.
75
  The LO phonon energy, and therefore the 
spacing of each phonon replica, in GaN is approximately 90 meV.   
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Figure 4.3.  Example of a Gaussian-fitted LT CL spectrum of the N2/H2 annealed Mg-
doped GaN film taken after an energy dose of ε = 594 keV/nm2 (Vacc = 5 kV, Ib = 300 pA, 
t = 2,660 sec, A = 4.2x10
3
 μm2).  Phonon replicas of the   
   and the 3.28 eV DAP are 
indicated by dashed lines in the same color as their zero phonon emissions.  The phonon 
replica of   
   is barely visible due to its small Huang-Rhys factor.   
 
Figure 4.4 shows the calculated, integrated CL intensities of the five main 
transitions for each film as a function of energy dose.  Note that the energy dose increases 
by five orders of magnitude.  Four different magnifications were used to obtain this range 
of energy doses; at each magnification change, the intensity of each peak was 
renormalized to its previous value at a different magnification but the same energy dose.  
This was done to eliminate the effects of the photon collection efficiency of our CL 
system at different magnifications.   
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Figure 4.4.  The integrated CL intensities of the peaks obtained from the Gaussian fits as 
a function of energy dose.  The first spectrum taken at each different magnification is 
indicated by vertical, dashed lines.  The CL spectra shown in Fig. 4.2 were all obtained in 
the first magnification range. 
 
The position and full-width-at-half-maximum (FWHM) of the two DBE located 
between the   
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peak position at 3.416±0.009 eV with a FWHM of 27 meV; DBE2 has a peak position at 
3.37±0.02 eV with a FWHM of 51 meV.  A summary of the fitting results for the peaks 
are given in Table 4.2. 
 
Table 4.2.  The average positions and FWHM of the Gaussian peaks fitted to the LT CL 
spectra.  The Huang-Rhys factor, S, for   
   and DAP1 are included. 
 
 
  
   DBE1 DBE2 DAP1 DAP2 
Position (eV) 3.451±0.005 3.416±0.009 3.37±0.02 3.288±0.005 3.14±0.01 
FWHM (meV) 26 27 51 74 304 
Huang-Rhys, S 0.056 --- --- 0.59 --- 
 
We first examine the behavior of the   
   intensity.  At the beginning of the 
electron irradiation, this peak is most intense in the N2 annealed sample.  This supports 
the assignment of this peak to a substitutional Mg acceptor; the concentration of activated 
Mg is expected to be highest in this sample.  The intensity of the peak decreases in each 
sample as LEEBI is performed (energy dose is increased).  This is explained by the 
increase in the intensity of the DAP luminescence observed during this stage of the 
LEEBI process (see bottom graph of Fig. 4.4).  We attribute this behavior to the creation 
of donors during the irradiation.  At the highest energy doses (ε > 5x105 keV/nm2), we 
observe a partial restoration of the   
   luminescence.  This suggests that the initial 
decrease in the intensity of this peak is not due to a LEEBI-induced degradation of the 
film, as the highest energy doses lead to a recovery of the   
   peak intensity. 
 Next, we note the behavior of the DBEs near 3.37 and 3.41 eV.  In each sample, 
the irradiation first leads to an increase in the intensity of these peaks.  Continued 
57 
irradiation, however, causes quenching of these bands, similarly to the   
  .  Of particular 
interest is the intensity of the DBE at 3.37 eV.  Its intensity is highest for the samples 
with the largest expected hydrogen concentration, i.e. Ias-grown > IN2/H2 > IN2.  
Transmission electron micrographs (not shown) indicate a low density of dislocations and 
no basal plane stacking faults in the films.  The DBEs instead appear to be related to a 
mobile defect that is reacting to the electron beam, thus creating the unstable 
luminescence.  The defect responsible is most likely electrically charged since it is 
responding to the electron beam which is known to create electric fields in the material.
76
  
Hydrogen, which is projected to be most stable as H
+
 in p-type GaN,
36
 is perhaps the 
most straightforward assignment.  After a Mg-doped GaN film is cooled down either 
from growth or from thermal anneal, the H finds low-energy, semistable states.  The 
electron irradiation clearly is able to dissociate some of these states and the creation of 
the DBE luminescence may be a result of the interstitial hydrogen. 
 The bottom graph in Fig. 4.4 shows the behavior of the DAP luminescence during 
the irradiation.  The contribution from the sum of the two DAP located at 3.14 and 3.29 
eV is shown; separately, their intensities behave very similarly.  Initially under LEEBI, 
the DAP luminescence increases in the samples.  However, at higher energy doses, the 
DAP luminescent quenches in each sample.  This could be due to the removal of the 
donors from the interaction volume of the SEM.  This again points to the important role 
hydrogen plays in the CL spectra of Mg-doped GaN – hydrogen, or a hydrogen complex, 
is very likely responsible for the donor/s in the DAP. 
While Haynes’ rule is typically only valid for shallow donors and acceptors,77 we 
can use it to get a general idea of the possible donor levels involved, specifically for the 
58 
shallower 3.416 eV DBE.  For donors in GaN, we use α = 0.2 = EBX/ED, where EBX is the 
binding energy of the exciton to the site and ED is the energy level of the donor below the 
conduction band.
78
  Taking EBX = Eg – Eex – Ehν (where Eg = 3.503 eV, Eex = 0.026 eV, 
and Ehν = 3.416 eV are the band gap, exciton binding energy, and photon energy, 
respectively), we obtain a value of ED = 305 meV for the recombination at 3.416 eV, 
which is likely the lower bounds for this level.
77
  Other CL measurements have also seen 
evidence of an unstable, H-related deep donor level in Mg-doped GaN located 350 meV 
below the conduction band.
58
  It is possible that this deep donor is a single, ionized 
hydrogen ion in an interstitial site.  The high reactivity of hydrogen, as well as its low 
diffusion barrier, may explain the appearance and subsequent disappearance of the 
transition.  The assignment of the center responsible for the emission at 3.37 eV is 
difficult; however, since it also is unstable under electron irradiation, a hydrogen-bonded 
defect is possible.   
We adopt the conclusion of Gelhausen et al.
58
 and Van de Walle
38
 and assume 
that the donor in the 3.29 eV DAP is a VN-H complex; the acceptor is substitutional 
MgGa.  Pre-LEEBI CL (Fig. 4.1) shows that the N2 and N2/H2 annealed samples both 
exhibit similar DAP intensities; while the as-grown DAP intensity is much higher.  As 
LEEBI is performed, the electron beam begins to separate Mg-H complexes still present 
in the samples.  This leads to the observed increase in the intensity of the DAP.  The 
hydrogen released from the MgGa-H complex then migrates to other defect sites or acts as 
an interstitial donor; the increase in the DAP luminescence can be explained by an 
increase in the MgGa concentration.  We suggest that the DBE we observe near 3.4 eV are 
due to this freed hydrogen, thus explaining their appearance early on during the LEEBI 
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experiment.  One of the excitons may be bound to interstitial hydrogen, as previously 
discussed.  At the highest energy doses (Fig. 4, ε ≥ 5x105 keV/nm2), the decrease of the 
DAP and increase of the   
   intensity can be explained as hydrogen being removed from 
the VN-H donor site, thereby eliminating the donors responsible for the 3.29 eV DAP.  
The hydrogen could then be either migrating to the surface, back to Mg acceptors, or out 
of the interaction volume of the SEM beam.  This may explain the decrease of the DAP 
intensity and simultaneous increase in the   
   emission.   
Low temperature CL has shown that there are levels in Mg-doped GaN to which 
excitons can bind, emitting at 3.37 and 3.416 eV.  Due to the prominence of these sites in 
Mg-doped GaN containing hydrogen, it is likely that the sites are H-related.  Also, their 
appearance and subsequent disappearance under electron irradiation suggest that a highly 
mobile defect is responsible.  Similar recombinations (3.37 and 3.42 eV) have been 
observed using CL in as-grown Mg-doped GaN, where a high concentration of hydrogen 
is to be expected.  The behavior of the DAP and   
   can be explained in terms of 
hydrogen diffusion, where the donor is a VN-H complex and the acceptor is MgGa. 
 
B.  Room temperature LEEBI of Mg-doped GaN 
We will now discuss the results of the CL when performing LEEBI at room 
temperature (RT).  Similar to the procedure for LT, we begin with spectra taken at a very 
low beam current, in order to minimize any LEEBI effects.  Figure 4.5 shows the RT CL 
spectra of the films taken with a very low beam current (5 pA), similar to Fig. 4.1.   
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Figure 4.5.  CL spectra of Mg-doped GaN films taken at 300 K, Vacc = 5 kV, area = 2,625 
μm2, Ib = 5 pA, t = 58 sec.  Low excitation power is used to limit the effects of LEEBI.   
 
Two distinct transitions are evident:  the band edge (BE) luminescence near 3.42 eV and 
an electron-to-Mg acceptor (e-Mg
0
) transition near 3.285 eV.  The N2 annealed film 
shows a higher overall luminescence from the BE emission, although the films have very 
similar CL spectra.   
Figure 4.6 shows the results of LEEBI taken on the samples at room temperature.  
The CL spectra are less sensitive to the irradiation at room temperature than at low 
temperature.  The inset of Fig. 4.6 shows the changes in the spectra when the same 
energy doses as in Fig. 4.2 are used.  As seen in Fig. 4.6, the BE and e-Mg
0
 emissions are 
clearly evident in each sample.  Also, a lower energy band, labeled Band Q, is evident in 
the as-grown and N2 annealed films.  The as-grown film shows the highest sensitivity to 
the LEEBI, similar to the LT LEEBI and as expected for unactivated material.  There is a 
large increase in the intensity of the e-Mg
0
 emission during the LEEBI.   
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Figure 4.6.  CL spectra of Mg-doped GaN films taken at 300 K, Vacc = 5 kV, area = 2,625 
μm2, Ib = 300 pA.  Evident in the spectra are the BE, e-Mg
0
, and a transition labeled Band 
Q.  Inset shows the results of LEEBI taken at the same energy dose as Figure 4.2. 
 
This is likely due to Mg-H complexes being separated by the electron beam, thus 
increasing the concentration of Mg acceptors available for this transition.  For the as-
grown film, Band Q is initially located near 2.9 eV and undergoes a blue-shift and 
quenching with increasing energy dose, becoming absorbed into the e-Mg
0
 transition.  
Also, a slight decrease in the BE luminescence is observed. 
The N2/H2 annealed film shows very little change in the CL spectra over this 
range of energy doses; however, there is an increase in the intensity of the e-Mg
0
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transition, due to activation of residual Mg-H complexes.   Very notably, there is no 
evidence of any additional bands (i.e. Band Q) below the e-Mg
0
 transition.   
The N2 annealed film shows stable BE and e-Mg
0
 intensities under this energy 
dose.  Since this material is activated, we expect there to be the lowest number of Mg-H 
complexes, and this explains the stability of the e-Mg
0
 intensity.  However, Band Q, 
initially located near 2.6 eV, is observed to increase in intensity and blue-shift with 
increasing energy dose, with a final location near 2.85 eV at ε = 9,500 keV/nm2.    
In order to further investigate the effects of RT LEEBI, a large range of energy 
doses on the films were investigated, analogous to the LT LEEBI.     
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Figure 4.7.  Example of a Gaussian-fitted RT CL spectrum of the N2 annealed GaN:Mg 
film taken after an energy dose of ε = 74 keV/nm2 (Vacc = 5 kV, area = 4.2x10
3
 μm2, Ib = 
300 pA, t = 333 sec).   
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For the RT CL spectra, four Gaussians curves in each spectrum at each energy 
dose were required for a good fit.  Each spectrum was fit with a BE transition, an e-Mg
0
 
transition, a DAP located at 3.05 eV, and Band Q.  The DAP at 3.05 eV adds a very small 
contribution to the overall luminescence of the films, however, its presence is required 
for a good fit.  Figure 4.7 shows an example of the fitting results for the N2 annealed film 
at an energy dose of 74 keV/nm
2
.  Each RT CL spectra at each energy dose was fit with 
similar peaks.  Table 4.3 gives a summary of the fitting results. 
 
Table 4.3.  The average positions and FWHM of the Gaussian peaks fitted to the RT CL 
spectra.  The position and width of Band Q are not included due to their sensitivity to the 
irradiation. 
 
 
BE e-Mg
0
 Band Q DAP 
Position (eV) 3.423±0.005 3.289±0.005 --- 3.05 
FWHM (meV) 75 235 --- 170 
 
Figure 4.8 shows the integrated intensity of each peak vs. energy dose for the 
films.  Similarly to the LT results, the intensities at different magnifications but similar 
energy doses were normalized to take into account the differences in collection 
efficiency.  As seen in Fig. 4.8, as the beginning stages of LEEBI, the BE luminescence 
of the N2 annealed film is largest, while the as-grown film exhibits the lowest intensity.  
This is similar to the LT CL results – annealing GaN:Mg results in an increase in the BE 
luminescence.  The e-Mg
0
 transition in the as-grown film exhibits the largest sensitivity 
to the electron beam.  This is due to the high number of Mg-H complexes in this film.  
The acceptor energy level (  
  
) is obtained by subtracting the position of the e-Mg
0
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Figure 4.8.  The integrated CL intensities of the peaks obtained from the Gaussian fits as 
a function of energy dose.  The first spectrum taken at each different magnification is 
indicated by vertical, dashed lines.  The CL spectra shown in Fig. 4.6 were all obtained in 
the second magnification range. 
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emission (Ee-Mg) from that of the BE emission (EBE) plus the average thermal energy of 
the electrons in the conduction band (non-degenerate semiconductors),  
  
             
 
 
  .      (4.2) 
According to our fitting, the average value of   
  
 for the N2 annealed, the N2/H2 
annealed, and the as-grown films is 142, 142, and 151 meV, respectively.  The higher 
acceptor energy level of the as-grown film is most likely due to its lower hole 
concentration.  The acceptor energy level of Mg in GaN has been shown to decrease with 
increasing Mg concentration (Ref 46, see Table I).  The effect is due to the Coulomb 
interaction between valence-band holes and ionized acceptors. 
In addition, no evidence of the DAP near 3.05 eV is observed in the as-grown 
film at any energy dose, while this peak has the highest intensity (at low energy doses) in 
the N2 annealed film.  Thermal annealing of GaN:Mg may create the donor or acceptor 
responsible for this transition.  The intensity of this peak is sensitive to LEEBI in the N2 
annealed film, quenching after an energy dose ~ 9,500 keV/nm
2
; however, this peak 
appears relatively stable in the N2/H2 annealed film.  The cause of this is not known, but 
as stated, the intensity was small at each energy dose in each film.   
Perhaps the most interesting aspect of the RT LEEBI is the behavior of Band Q.  
The origin of this band could be similar to the band observed in thermally annealed 
GaN:Mg films investigated by Nakamura et al.
33
  They observed a much higher intensity 
of a band at 450 nm (2.75 eV) in samples annealed at 800 °C in N2 as opposed to NH3.  
They attributed this emission as being related to Mg centers, which partially reflect 
activation of the sample.  Kaufmann et al. also studied this band in activated Mg-doped 
GaN and attributed it as being a DAP recombination with the VN-Mg complex as the 
66 
donor and Mg acting as the acceptor; theoretical studies by Rogozin et al. came to the 
same conclusion.
61,62
  Reshchikov et al. also have confirmed the DAP origin of a band 
near 2.8 eV.
57
  If we assume that the donor responsible for the 2.8 eV band is the nearest 
neighbor VN-Mg, we can perhaps infer the absence of the 2.8 eV emission in the N2/H2 
annealed sample as being due to the hydrogenation of this complex.  With the propensity 
for hydrogen to form a complex with both VN and Mg,
37,38
 it is possible that hydrogen in 
the sample is preventing recombination through either the donor or acceptor.  Since an e-
Mg
0
 peak is observed in the spectra of both films, it is perhaps more likely that the donor 
has been passivated by H as opposed to the Mg acceptor.   
As can be seen in Fig. 4.6, Band Q undergoes a very noticeable blue-shift during 
LEEBI.  Using the results of the fitting procedure defined earlier, the position of Band Q 
as a function of energy dose is shown in Figure 4.9.  Band Q is not observed in the N2/H2 
annealed film for the lowest energy doses.  In the as-grown and N2 annealed films, for the 
lowest energy doses (10
2
 keV/nm
2
 < ε < 103 keV/nm2), Band Q undergoes a small red-
shift.  As the energy dose is increased, however, the peak undergoes a large blue-shift for 
each film.  Also, it is interesting to note that the emission energy at the end of the LEEBI 
experiment for each film is approximately the same – namely, 3.14 eV.  Band Q 
undergoes a blue-shift of approximately 150 meV, 230 meV, and 520 meV for the as-
grown, N2/H2 annealed, and N2 annealed films, respectively.    
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Figure 4.9.  The position of Band Q as a function of energy dose.  The position has been 
determined from the Gaussian fits.  Band Q is not evident in the N2/H2 annealed film for 
the lowest energy doses. 
 
As discussed in Chapter 2, for DAP recombination in semiconductors, there is a 
Coulombic energy term, EC, between the electron and hole which depends on the distance 
between the pairs [Eq. (2.3)].  As the distance from a given dopant increases, so does the 
average number of pairs with which it can recombine.  Therefore, there are more distant 
pairs than closer pairs; however, the closer pairs recombine with a shorter lifetime and 
higher energy.
79
  If the excitation power is increased during a CL or PL experiment, the 
closer, shorter lifetime pairs contribute more to the spectrum than the distant pairs, thus 
having the effect of blue-shifting the emission.  However, in Fig. 4.6 the excitation power 
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is not changing, and therefore we can rule out the blue-shift of Band Q as being due to 
the effect of the saturation of distant pairs.  Using the equation for the Coulomb energy 
term, 
   
  
     〈 〉
,        (4.3) 
the maximum energy shift a DAP band could undergo can be determined, from a donor-
acceptor separated at infinity to a nearest-neighbor pair.  The maximum difference can be 
calculated by using 〈 〉    for distant pairs, and 〈 〉    for nearest-neighbor pairs, 
where a is the shortest lattice parameter of GaN.  Using ε = 9.5 and a = 3.189 Å, the 
maximum energy shift is ~ 480 meV.  This value is close to the value for the energy shift 
observed for the N2 annealed film.  However, since the excitation power is constant 
during the blue-shift of Band Q, there would need to be either (i) a creation of new sites 
or (ii) the migration of a mobile defect towards an oppositely charged site.  Both of these 
effects would reduce the average DAP separation, 〈 〉.  However, it is unlikely that the 
average pair separation is reducing from nearly infinity to a nearest neighbor pair, and 
therefore unlikely that the entire shift, specifically in the N2 annealed film, is due to this 
effect. 
It is perhaps more likely that Band Q is instead composed of different DAP 
transitions and is not simply due to a single donor-acceptor pair transition which is blue-
shifting.  The expected defect sites in Mg-doped GaN have a limited number of 
possibilities, specifically in the energy range observed.  The possibilities include VN, VN-
H, H, Mg, Mg-VN, Mg-H, Mg-VN-H, and Mg-H2.  Substitutional donors, such as 
unintentionally-incorporated SiGa or ON, have too low of a donor energy level to account 
for the recombination energies observed and the formation energy of acceptors not 
69 
related to Mg in p-type GaN:Mg is high.
80
  Therefore, we tentatively attribute the 
instability in the emission to different donor sites.  A VN or VN-complex seems likely for 
at least one of the donors, as this could explain its absence from the N2/H2 annealed 
sample, where the VN or VN-complex may be hydrogenated, thus preventing its radiative 
recombination at room temperature.  If we assign the donor for the 2.8 eV peak to a Mg-
VN, the shift of this peak to higher energy, and subsequent quenching, needs explanation.  
Performing CL, or LEEBI, creates electric fields in non-metallic samples due to the 
collection of primary electrons at the penetration depth of the SEM and the emission of 
secondary electrons from near the surface.
76
  During electron irradiation, a fraction of the 
Mg acceptors will be negatively charged, while some of the VN will be positively 
charged.  In p-type GaN, the VN
3+
 has a diffusion barrier of around 2.6 eV,
81
 while the 
MgGa may be immobile due to the lower number of VGa expected in p-type GaN.
38
  The 
SEM-induced electric field, in addition to the energy provided by the beam and the 
recombination of e
-
/h
+
 pairs, may be enough to induce the separation of the Mg-VN 
complex, removing the 2.8 eV band from the gap.   
For the as-grown sample, the main donor species are likely H, VN-H, and possibly 
VN-Mg.
38
  We expect there to be a large concentration of Mg-H, with a small number of 
MgGa sites as well.  During our initial RT CL, we observe the BE emission, the e-Mg
0
 
emission, and Band Q (near 2.9 eV).  For this spectrum, Band Q may be composed of a 
H-related donor to a Mg acceptor.  If H has a donor energy level of around 350 meV (see 
LT LEEBI results) and Mg has an acceptor level of 150 meV, we would expect a DAP 
transition near 3.0 eV.  As the energy dose on the film increases, as seen in Fig. 4.8, the 
intensity of Band Q drops significantly and the e-Mg
0
 transition increases.  This is due to 
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activation of the sample, i.e. the separation of Mg-H complexes and removal of the H.  In 
addition, Band Q blue-shifts to approximately 3.13 eV.  This band, which is observed in 
each sample after LEEBI, may be the same band observed near 3.28 eV at LT, which is 
also apparent in each sample after LEEBI.  This is attributed as a VN-H donor to a Mg 
acceptor.  The VN-H donor has the lowest formation energy in p-type material, and thus 
may be the dominating donor specie. 
In the N2/H2 annealed film, we do not initially observe Band Q in the CL 
spectrum.  The absence of the lower energy bands in the N2/H2 annealed sample may 
suggest evidence of H forming a complex with VN-Mg.  In p-type GaN, both the H and 
the VN-Mg are positively charged,
38,62
 and therefore should repel each other.  However, 
under a thermal anneal at high temperatures, the defects may become neutral and form a 
complex.  It is possible that during the 850 °C anneal in N2/H2, the H and the VN-Mg 
form a VN-Mg-H complex which prevents the recombination near 2.6-2.8 eV.  At high 
enough energy doses (ε > 104 keV/nm2), Band Q does become evident in this film, see 
Fig. 4.9.  This is likely due to the electric field induced separation of the VN-Mg-H 
complex, thus allowing recombination through the 2.8 eV DAP.  We observe a sharp 
blue-shift of this band with increased energy dose. However, as seen in Fig. 4.8, Band Q 
never makes a significant contribution to the CL of this film, at any energy dose. 
For the N2 annealed film, Band Q is initially located near 2.6 eV.  We believe that 
this is due to the same VN-Mg donor to Mg acceptor which has been reported to greatly 
increase with activation of the sample.  We attribute its low energy (2.6 eV vs. 2.8 eV) to 
a large average separation between donors and acceptors.  As LEEBI is performed (ε > 
10
3
 keV/nm
2
), the band takes a significant blue-shift due to the increased concentration of 
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donors and acceptors created by the irradiation.  This is due to LEEBI-induced separation 
of Mg-H and VN-H.  The increased concentration causes a decrease in the average 
separation, leading to the blue-shift.  Continued LEEBI causes quenching of the band 
(Fig. 4.8) and continued blue-shift.  At the highest energy doses, this band becomes the 
H-related donor to acceptor observed in the as-grown and N2/H2 annealed films.   
Our CL and LEEBI studies have shown the existence of several unstable, 
radiative recombination centers in MOCVD-grown Mg-doped GaN.  Annealing the films 
in an N2 ambient atmosphere leads to CL emission at 3.42 eV (band edge), 3.285 eV (e-
Mg
0
), and 2.60 eV (DAP).  This band may be the commonly-observed DAP band with a 
VN-Mg as the deep donor.   
 
4.3 Cathodoluminescence of Mg-doped GaN grown by molecular beam epitaxy 
In order to further clarify the analysis from the CL performed on the films in the 
previous section, a Mg-doped GaN film grown by molecular beam epitaxy (MBE) was 
also studied.  Since there is no hydrogen used in the growth process, these films are 
expected to be hydrogen free, and indeed, no post-growth activation technique is required 
to obtain p-type films when Mg-doped GaN is grown by MBE.  Of most interest is the 
deeply-bound excitons observed in the LT CL spectra of the MOCVD-grown Mg-doped 
GaN which were attributed to hydrogen in the material.  Also, the dynamic changes 
observed during the LEEBI experiments were attributed to the presence and migration of 
hydrogen; accordingly, will the CL spectra of MBE-grown Mg-doped GaN be sensitive 
to electron irradiation?   
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Figure 4.10.  Diagram of the MBE-grown Mg-doped GaN sample investigated. 
 
Figure 4.10 is a diagram of the sample investigated for this purpose.  It was grown 
by MBE on an undoped hydride vapor phase epitaxy (HVPE) GaN film on a c-plane 
sapphire template from Kyma.  A Mg-doped GaN film ~ 780 nm thick was grown on top  
of an undoped GaN film ~ 390 nm thick.    The Hall measurement showed a hole 
concentration of 6x10
17
 cm
-3
; this concentration is similar to the MOCVD grown wafers 
(see Table 4.1).  This film exhibited p-type conduction without a thermal anneal.  In order 
to compare with the low temperature CL done on the MOCVD-grown wafers, the beam 
current used for each measurement was 300 pA and the accelerating voltage was 5 kV.   
Figure 4.11 shows the normalized LT CL spectra for the MBE-grown film and the 
N2 annealed MOCVD-grown film.  These are taken at the same energy dose.  The shapes 
of the CL emissions are very similar between these two films, however, the MBE-grown 
peaks are each red-shifted by ~ 15 meV.  The reason for this is unclear.   
Sapphire 
5 µm GaN (HVPE) 
~ 780 nm Mg-doped GaN (MBE) 
~ 390 nm undoped GaN (MBE) 
73 
2.9 3.0 3.1 3.2 3.3 3.4 3.5
 
 
N
o
rm
al
iz
ed
 C
L
 i
n
te
n
si
ty
Energy (eV)
 MBE-grown
 MOCVD-grown
4.4 K
 = 74 keV/nm
2
Mg-doped GaN
 
Figure 4.11.  Normalized low temperature CL of MOCVD- and MBE-grown Mg-doped 
GaN taken with the same energy dose.  The MOCVD-grown film has been annealed in 
N2; both films are p-type.  The spectral shapes are similar, but the MBE-grown film 
exhibits a slightly red-shifted spectrum. 
 
It could be the result of different strain states in the material, or potential fluctuations in 
the band gap may be responsible for the red-shift observed in the MBE-grown film.  A 
high defect density or non-uniform dopant concentration could be responsible.  In 
addition, the integrated intensity of the CL emission over this energy range is ~ 20 times 
higher for the MOCVD material.   
Since we do not expect hydrogen in this film, LEEBI was performed to 
investigate any changes in the CL emission.  Figure 4.12 shows the normalized CL 
intensity taken at two different energy doses.  The luminescence of this film is not 
sensitive to the electron beam.   
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Figure 4.12. Normalized low temperature CL spectra of as-grown MBE-grown Mg-doped 
GaN.  The emission shape is stable over a large energy dose. 
 
Several spectra were taken at energy doses between the two values shown in the figure; at 
no point did the spectrum appear different than shown here.  This points to the important 
role hydrogen plays in the dynamic behavior of the optical properties of MOCVD-grown 
GaN:Mg recorded during CL.   
Next, a piece of the MBE-grown Mg-doped GaN film was annealed for 3 minutes 
at 850 °C in a N2(95%)/H2(5%) ambient.  This was done in order to see the effect of 
annealing in a hydrogen-containing atmosphere and was done for a similar time and 
temperature as the MOCVD-grown film.  However, this anneal was performed in a tube 
furnace at Arizona State University, and not at the rapid thermal anneal furnace at 
Georgia Institute of Technology.  Figure 4.13 shows the same range of energy doses on 
the film as seen in Figure 4.2.   
75 
Figure 4.13.  Effects of electron irradiation on N2/H2 annealed MBE-grown Mg-doped 
GaN.  This is taken over the same energy dose as the spectra in Figure 4.2.  We observe 
large changes in the emission characteristics, namely the appearance of DBE1 and DBE2.   
 
The CL spectra now are very unstable under electron irradiation.  Not only has the 
acceptor-bound exciton luminescence been quenched, we observe the deeply-bound 
excitons become evident in the film.  In fact, this luminescence looks strikingly similar to 
the as-grown film shown in Figure 4.2.  DBE1 is evident at the beginning of the 
irradiation and then DBE2 quickly gains in intensity.  Also, the DAP emission is seen to 
increase during this exposure.  These results lead us to the conclusion that during the 
anneal in N2/H2, hydrogen from the ambient is able to diffuse into the p-type film.  This 
hydrogen then forms complexes with Mg, removing the   
  luminescence from the 
spectrum.  Also, the appearance of DBE1 and DBE2 in this film gives us further evidence 
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of their hydrogen-related origin.  In fact, continued irradiation of this film very closely 
resembles the results of the MOCVD-grown films, especially the as-grown film (see Fig. 
4.4).  At high energy doses, the   
  transition appears in the spectrum as the electron 
beam dissociates the Mg-H complexes.   
In order to identify hydrogen as the reason for the difference in the behavior of the N2/H2 
annealed MBE-grown film and the unannealed MBE-grown film, we annealed a different 
piece of the MBE-grown GaN:Mg, this time in an ultra-high purity N2 ambient at 850 °C 
for 3 minutes.  Figure 4.14 shows the normalized LT CL spectra taken at two different 
energy doses.  We observe a slight increase in the DAP luminescence as a result of the 
LEEBI, however, the change is modest and DBE1 and DBE2 are not evident at any 
energy dose.  Thus, we conclude that the drastic changes in the CL spectra observed in 
Figure 4.13 are due to the anneal in hydrogen, and not the anneal itself.   
Figure 4.14.  Normalized CL of N2 annealed MBE-grown Mg-doped GaN.  The 
emissions characteristics are fairly stable – no evidence of DBE1 or DBE2 are observed.   
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4.4 Conclusions 
 Low temperature and room temperature cathodoluminescence has shown the 
existence of several unstable radiative recombination centers in Mg-doped GaN.  As-
grown MOCVD material shows the existence of deeply-bound excitons emitting at 3.37 
and 3.416 eV in the LT CL spectra.  Films annealed in N2/H2 also show evidence of these 
peaks.  Accordingly, they have been attributed as being related to hydrogen in the film, 
due to the known high diffusivity and reactivity of hydrogen in GaN:Mg.  Films annealed 
in N2 show less sensitivity to the electron beam and significantly lower intensity of the 
3.37 eV peak.  Therefore, it is thought that the intensity of this peak observed in the CL 
spectrum is a way to track the activation of Mg acceptors in GaN:Mg.  Also, the peak at 
3.416 eV also seems to be related to hydrogen and may be correlated with a donor 
located ~ 350 meV below the conduction band.   
Room temperature LEEBI also shows unstable luminescent centers in GaN:Mg.  
The as-grown film shows the highest sensitivity to irradiation.  A peak near 3.0 eV is 
evident in this film and can be attributed to a hydrogen donor to a Mg acceptor.  The 2.8 
eV peak, commonly observed in activated GaN:Mg in RT luminescence, has been 
observed in the N2 annealed film and is seen to undergo a very large blue-shift as the 
energy dose on the film is increased.  This peak has been attribute to a DAP with a VN-
Mg complex as the donor and a Mg as the acceptor.  The blue-shift is attributed to the 
increased concentration of these compounds during LEEBI.  At the highest energy doses, 
this peak quenches and a peak located near 3.14 eV is apparent in the as-grown, N2/H2 
annealed, and N2 annealed films.  This peak may have the same origin as the peak 
observed at LT near 3.28 eV which is also apparent in each GaN:Mg film.   
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Chapter 5 
 
CATHODOLUMINESCENCE OF MG-DOPED INGAN 
5.1 Introduction  
Towards the goal of (Al)InGaN-based LEDs which operate with high efficiency 
in the red-green spectral range, it is necessary to not only have high quality, high In 
content QWs, but also for the majority of the device to be comprised mostly of InGaN 
layers.  Piezoelectric fields are known to cause a drop in efficiency of c-plane GaN-based 
LEDs.  The compressive strain in the active region is due to the non-lattice matched 
InGaN in the device.  One benefit of using an InGaN-based device would be the decrease 
in the piezoelectric fields in the active region, which should increase the efficiency.  
Figure 5.1 shows a diagram of a LED device.  For the electrons and holes to relax into the 
QWs in such a device, they must thermalize down to the lowest energy states of the QWs.  
This is done by emitting phonons and infrared photons.  These directly lead to heating in 
the device.  By using an n- and p-type InGaN layer, the thermalization energy loss is 
reduced, which could lead to lower device heating and lower operating voltage.   
In addition to the lower strain fields and energy loss that InGaN layers would 
provide, InGaN:Mg films may greatly improve the p-type region of devices.  It has been 
suggested that p-type InGaN films have a lower acceptor energy level for Mg and may 
also improve the hole transport into the active region.
82-84
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Figure 5.1.  Diagram of LED active region.  Left side: electrons thermalizing from GaN 
into quantum wells. Right side: electrons thermalizing from InGaN into QWs.  Using 
InGaN layers in LED devices will lower device heating.  Spontaneous and piezoelectric 
fields are not shown. 
 
 
5.2 Acceptor energy level of Mg in InGaN films 
We begin by using cathodoluminescence to investigate the optical acceptor 
energy level of Mg in low [In] InGaN layers.  Magnesium-doped InxGa1-xN films (x < 
0.05) were grown by MOCVD on a 4-μm-thick unintentionally doped GaN layer on a c-
plane sapphire substrate.  Growing on unintentionally doped GaN (which is typically n-
type) prevents carrier transport through the underlayer when performing Hall/van der 
Pauw measurements.  Table 5.1 gives the growth parameters for each film.  The Mg 
concentration for each film, obtained by secondary ion mass spectroscopy, is 3x10
19
 cm
-3
.   
After growth, each film was annealed at 780 °C in a nitrogen ambient atmosphere for 3 
minutes.  Table 5.2 gives the electronic properties of the samples.   
 
 
 
InGaN InGaN GaN 
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Table 5.1.  Growth parameters of InxGa1-xN:Mg films grown by MOCVD. 
 
Film 
thickness 
(nm) 
Growth 
temperature 
(°C) 
TMGa flow 
(cc) 
TMIn flow 
(cc) 
Cp2Mg flow 
(cc) 
1 150 820 13 500 100 
2 150 812 13 500 100 
3 150 795 13 500 100 
4 150 795 13 750 100 
5 150 795 13 750 75 
 
The hole concentration and resistivity were measured at room temperature with 
the Hall/van der Pauw method.  The mobility is then derived from the relation   
(   )   where μ is the mobility, e is the elementary charge, ρ is the resistivity, and p is 
the hole concentration.  Increasing the indium composition not only lowers the band gap 
of the films, but also the resistivity.  The resistivity of the [In] = 4.2% InxGa1-xN:Mg film 
is as low as 0.54 Ω-cm.   
 
Table 5.2.  Indium compositions and electrical characteristics of InxGa1-xN:Mg films. 
 
 
Molar In 
concentration 
(%) 
Resistivity 
(Ω-cm) 
Mobility 
(cm
2
V
-1
s
-1
) 
Hole 
concentration 
(x10
17
 cm
-3
) 
1 1.4 1.32 7.43 6.36 
2 1.8 1.2 7.62 6.8 
3 2.8 0.846 8.59 8.59 
4 3.6 0.719 13.8 6.3 
5 4.2 0.539 7.44 15.6 
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Figure 5.2.  Room temperature CL spectra of the InxGa1-xN:Mg films taken with Vacc = 5 
kV, Ib = 300 pA.  The dotted line is a guide to the eye, marking the band edge 
luminescence of the [In] = 1.4% film.  The band edge emission shifts to lower energies as 
the In concentration increases.    
 
CL measurements were performed at RT with an accelerating voltage of 5 kV.  
Figure 5.2 shows the CL spectra for the thermally annealed samples.  Several transitions 
are recorded in these films: in order of decreasing energy, we observe band edge (BE) 
luminescence, electron-to-acceptor (e-Mg
0
), donor-acceptor pairs (DAPs) and yellow 
luminescence (YL).  Gaussian peaks were fitted to each spectrum in order to obtain 
precise locations and intensities.  Figure 5.3 shows an example of the CL spectrum for 
the [In] = 3.6% InGaN film fitted with 5 Gaussian peaks, the minimum number needed to 
obtain a good fit.  This process was repeated for each film.   
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Figure 5.3.  Gaussian fitting of the In0.036Ga0.964N:Mg film.  Five Gaussians are used and 
give a reliable fit.  The Gaussians are used to determine the location of the band edge and 
e-Mg
0
 peaks.  A similar fit was performed on each InxGa1-xN:Mg film. 
 
The yellow luminescence (YL) seen commonly in undoped GaN films is evident in these 
samples at 2.24 eV, due to emission from the GaN underlayer of the samples.  There are 
two distinct DAP transitions observed due to residual donors in the Mg-doped film. 
The highest energy peak corresponds to the InGaN band edge (BE) transition, 
which shifts to lower energy as the indium content is increased.  This shift can be 
modeled by a standard bowing parameter function of the following form,  
      ( )            (   )    (   ),   (5.1)  
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where EAB is the band gap of the material indicated by the subscripts, x is the molar 
composition of indium, and b is the bowing parameter.  We have used EGaN = 3.43 eV 
and EInN = 0.7 eV, while EInGaN is determined from the BE luminescence from the RT CL.  
Based on the InGaN compositions determined from x-ray diffraction, we obtained a 
bowing parameter of b = 1.64 for these films, which is quite close to very recently 
published results for strain-free InGaN films, b = 1.65.
85
   
During electron irradiation of GaN and InGaN we expect there to be free 
electrons in the conduction band.  These electrons can recombine with the neutral Mg 
acceptors, giving rise to an e-Mg
0
 band.  Since there are no donors involved in this 
transition, it is typically observed as the highest energy transition after the BE.  The 
acceptor energy level (  
  
) is obtained by subtracting the position of the e-Mg
0
 emission 
(Ee-Mg) from that of the BE emission (EBE) plus the average thermal energy of the 
electrons in the conduction band (non-degenerate semiconductors),  
  
             
 
 
  .      (5.2) 
The acceptor energy levels for the films derived from Eq. 5.2 are presented in Fig. 
5.4 along with some relevant literature comparisons.  For our films, the Mg acceptor 
energy level decreases from 142 to 74 meV as the In composition increases from 0 to 
4.2%.  This large decrease in the energy level of Mg in InGaN should allow one to 
achieve much higher hole concentrations than in GaN.  Kumakura et al.
82
 and Lee et al.
83
 
values were obtained on c-plane InGaN:Mg films while Iida et al.
84
 values were obtained 
on an a-plane InGaN:Mg film.   
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Figure 5.4.  The Mg acceptor energy level in InGaN films, compared with published 
reports.  The acceptor energy level decreases significantly as the indium composition 
increases.  The typical energy level of donors in GaN is shown for comparison. 
 
We see that for similar indium compositions and doping levels ([Mg] is 2-5x10
19
 cm
-3
 for 
each film reported), the Mg acceptor energy level we observe is in fact significantly 
lower than those recorded on other c-plane grown films.  In fact, the acceptor energy 
levels we obtained are very similar to those for the a-plane InGaN films.
84
  This may 
suggest that their low values of the acceptor level are not due to growth direction but are 
rather due to high crystalline quality.  Their growth technique was sidewall epitaxial 
lateral overgrowth which is known to grow high quality films.  Transmission electron 
microscopy (TEM) measurements performed on our samples confirmed their low 
dislocation density. We tentatively attribute the low activation energy with a low 
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background of impurity dopants.  These dopants are theorized to create higher acceptor 
states or even bands in the gap which can dominate the acceptor behavior.   
 
5.3 The effect of indium composition in p-type InxGa1-xN:Mg layers on the hole 
distribution in multiple quantum well LEDs 
 Even though the Mg acceptor energy level and resistivity of InxGa1-xN:Mg layers 
decreases with increasing x, it is necessary to study the effects of p-type InGaN layers in 
full LED devices if they are to be used commercially.  Towards this goal, LED structures 
were grown on c-plane GaN on sapphire; the n-region and active regions were grown 
under identical conditions, while the p-region was varied between the structures.  Figure 
5.5 is a diagram of the device structure.  The QWs are labeled QW1, QW2, and QW3, in 
order of their growth.  The indium content in the three QWs is varied so that each QW 
emits is own characteristic wavelength.  This wass done to investigate the carrier 
distribution between the different wells.  QW1, QW2, and QW3 have indium 
compositions of 13-15%, 21-23%, and 26-29%, respectively.  This means that the highest 
energy emission comes from the QW closest to the n-region.  The QWs emit at 
wavelengths near 420 nm, 470 nm, and 520 nm.   
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Figure 5.5.  Diagram of the multiple quantum well LED structure. 
 
Three different LEDs were studied with varying p-regions.  One has a GaN:Mg 
layer (LED A) while the other two have InxGa1-xN:Mg layers – with x = 1.5% (LED B) 
and x = 3.5% (LED C).  Each p-region has a hole concentration of ~ 5x10
17
 cm
-3
.  Figure 
5.6 is the CL taken at 4.5 K of each LED, normalized to the QW3 intensity.  Due to small 
differences in indium compositions as well as different strain states, the luminescence of 
QW1, QW2, and QW3 varies slightly between samples.   
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Figure 5.6.  Normalized low temperature CL spectra of the LEDs.  The CL has been 
normalized to the QW3 intensity.  The relative intensities of the QW emissions vary 
significantly between the LEDs.  LED B and LED C, with p-InGaN top layers, shows a 
higher contribution from QW1 and QW2 than LED A, with a p-GaN top layer. 
 
 
   
LED A, with a p-GaN layer, shows the highest intensity emission from QW3, closest to 
the p-region. This behavior has been reported before and is likely due to the relatively 
high effective mass of holes compared to electrons, resulting in a lower hole mobility and 
therefore lower transport into the active region.
86
  Since these structures lack an electron 
blocking layer, we can eliminate this layer as being the primary cause for the low hole 
transport.  In contrast, LED B and LED C show the highest intensity emission coming 
from QW1.  Due to the location of QW1 (near the n-region), this implies that the holes 
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are traveling further when the LEDs have a p-InxGa1-xN top layer.  In addition, LED C 
shows a higher emission from QW2 than LED B, also indicating an improvement in hole 
transport when the indium content is increased in the p-InxGa1-xN:Mg layer.  Also of note 
is that emission from the p-type region is visible from LED A (360-400 nm), while LED 
B and C show very low luminescence.  This is likely due to the higher optical quality of 
GaN:Mg compared to InxGa1-xN:Mg.   
Increasing the beam current allows us to observe the change in the distribution of 
carriers in the QWs.  Figure 5.7 is the LT CL spectra of the three LEDs taken with 
different beam currents.  One effect of using a p-InxGa1-xN:Mg layer is the mitigation of 
the blue-shifting of the QW emission with increasing beam current, most notably for 
QW3.  The reason for the blue-shift is likely due to the quantum-confined Stark effect 
(QCSE).
87
  Due to strain-induced piezoelectric fields in the QWs, the electron and hole 
become spatially separated, thus red-shifting the emission and lowering the efficiency.  
At higher carrier concentrations, the piezoelectric fields are screened, thus 
reducing the effect.  QW3 has the highest indium composition, and therefore, is under the 
most strain.  When increasing the beam current from 10 to 800 pA, the amount of the 
blue-shift of QW3 decreases from LED A (16 nm, 75 meV) to LED B (12 nm, 57 meV) 
to LED C (4 nm, 19 meV).  Lowering the QCSE will improve device efficiency and 
stability, and thus this may be a secondary benefit of using p-InxGa1-xN:Mg layers. 
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Figure 5.7.  Normalized low temperature CL spectra of the LEDs, taken with different 
beam currents.  With increased beam currents, we observe appreciable blue-shifting of 
the QW peaks due to carrier screening of the piezoelectric fields.  The effect is most 
noticeable with QW3.  The shift is largest for LED A and smallest for LED C. 
 
One problem of using the p-InxGa1-xN:Mg layers is that the surface morphology 
of the LEDs becomes worse.  As can be seen in the SE micrographs in Fig. 5.8, the pit 
density increases when using a p-InxGa1-xN:Mg layer.  From these images, the surface pit 
density is approximately 0 cm
-2
, 4.6x10
8
 cm
-2
, and 5.0x10
8
 cm
-2
 for LED A, LED B, and 
LED C, respectively.  A pitted surface will be detrimental for device performance, as the 
pits may act as sites for the diffusion of metal into the device.   
By using a beam blanker, one can perform time-resolved CL (TRCL) 
measurements.  This allows us to record the average lifetime of the carriers in the QWs.  
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The electron beam of the SEM is periodically blanked by a parallel plate capacitor.  The 
wavelength of the monochromator is fixed to the desired wavelength, and the onset and 
decay of the luminescence is recorded.  The decay of the luminescence is then fit with an 
exponential function of the form, 
 ( )     
 
 ⁄ ,       (5.3)    
where A is the amplitude and τ is the average lifetime of the excited carriers.  In order to 
record any differences in the lifetimes of carriers in the QWs due to the indium content in 
the p-layer, we performed TRCL on LED A (p-GaN:Mg) and LED C ([In] = 3.5% p-
InGaN:Mg); the average carrier lifetimes are shown in Fig. 5.9.  For both LEDs, the 
lifetime of the QW increases as the indium content increases.  For LED A (LED C), the 
lifetime of QW1 is 3.0 ns (2.5 ns), QW2 is 14 ns (4.2 ns), and QW3 is 15 ns (5.9 ns).  
This increase in the carrier lifetime is likely due to higher piezoelectric fields in QWs 
with a high indium composition, resulting in a larger spatial separation of the electron 
and hole.  LED C, with the p-InxGa1-xN:Mg layer, exhibits lower lifetimes in each QW 
and also the increase in lifetime is much less drastic than for LED A.  This may be 
highlighting the importance that the p-layer has on the underlying QWs.  Specifically, 
using a p-InxGa1-xN:Mg layer instead of a p-GaN:Mg layer results in less strain in the 
QWs; this decreases the piezoelectric fields and leads to lower carrier lifetimes and more 
uniform hole concentration in the QWs. 
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Figure 5.8.  SE images of the surfaces of the three LEDs, taken at room temperature with 
a 5 kV, 400 pA electron beam.  The area of each image is approximately 41 µm
2
.  Using 
a InxGa1-xN:Mg layer results in a pitted surface.  Increasing the In composition increases 
the number of pits. 
LED A 
LED B 
LED C 
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Figure 5.9.  The lifetime of excited carriers in the QWs for LED A and LED C, measured 
at room temperature.  Due to the quantum-confined Stark effect, the lifetime increases 
with increased In composition in the QWs.  For each QW, the lifetime is lower in LED C 
than in LED A. 
 
 
 
5.4 Conclusion 
CL spectroscopy techniques have been used to record the Mg acceptor energy 
level in InxGa1-xN:Mg layers with low In composition (x < 5%).  The acceptor energy 
level decreases with increasing indium composition, leading to lower resistivities.  In 
addition, we have seen that the hole distribution in multiple QW LED devices is more 
uniform when an InxGa1-xN:Mg layer is used on the p-side of the device.  Also, the carrier 
lifetime is decreased, which will increase the radiative efficiency of the QWs.  For these 
reasons, the continual development of p-InxGa1-xN:Mg layers for use in semiconductor 
93 
devices should prove very beneficial.  Importantly, the surface morphology of the layers 
needs to be improved as well as the optical properties.  The low emission intensity (see 
Fig. 5.6) and the pitted surface (see Fig. 5.8) of the InxGa1-xN:Mg layers suggests a higher 
defect density than GaN:Mg.  If these issues are resolved, InxGa1-xN:Mg may provide a 
much better p-type layer for visible light-emitting diodes made from III-nitrides. 
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Chapter 6 
 
OPTICAL PROPERTIES OF NANOINDENTED ZNO 
6.1 Introduction 
ZnO is a wide band gap semiconductor with strong piezoelectric properties,
14
 high 
radiative efficiency, and resistance to radiation damage.
88
  At standard temperature and 
pressure, the thermodynamically stable form of ZnO has the hexagonal wurtzite structure, 
which lacks inversion symmetry and exhibits highly anisotropic properties.  This 
structure, plus the ionic nature of the Zn-O bond, results in ZnO having one of the highest 
piezoelectric properties of any tetrahedrally-bonded semiconductor.
14
  The high radiative 
efficiency of ZnO is made possible by its direct band gap and its large exciton binding 
energy of ~ 60 meV.
89,90
    The stability of excitons at room temperature helps prevent 
single carrier capture by non-radiative defects with a net electric charge.  The 
luminescence of undoped crystals is typically dominated by excitonic emissions, which at 
low temperatures are due to bound excitons and at relatively high temperatures are due to 
free excitons.
89,91,92
  The band gap of ZnO is similar to GaN, which has a lower exciton 
binding energy of ~25 meV, making ZnO superior to GaN for many potential 
applications, such as LEDs.   
ZnO is a relativity soft material compared with GaN, with cohesive energies of 
1.89 and 2.24 eV, respectively.
93,94
  Thus, the possibility of mechanical damage during 
thin film growth and device operation can be significant for ZnO.  Indentation methods 
can be used to study the plastic (mechanical) deformation characteristics in 
semiconductors, using indenter tips of different shapes and sizes.
95-100
  Studies have been 
performed on the effects of micrometer-scale indentations on ZnO,
96-98,101
 but the 
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mechanisms of stress relaxation and defect formation from a submicron indenter need 
further investigation.  Plastic deformation in crystals is associated with the introduction 
of dislocations, which are associated with non-radiative carrier recombination sites and 
piezoelectric fields.  The latter can affect the local band structure and influence carrier 
transport.  Thus understanding the nature of dislocations and residual strain resulting 
from plastic deformation of ZnO crystals, and their effect on the optical properties is 
important for optoelectronic applications.  Due to the highly anisotropic characteristics of 
ZnO crystals, a study of plastic deformation along the primary crystallographic 
orientations is necessary. 
We report here a study on the optical properties associated with plastic 
deformation in ZnO crystals and the dependence on crystallographic orientation.  An 
indenter tip with a sub-micrometer radius of curvature has been used to create 
deformations at the sub-micrometer scale.  The mechanical response of the crystal has 
been determined from load-displacement curves.  Radiative and non-radiative defects 
generated by indentation have been mapped with high-spatial resolution using 
cathodoluminescence spectroscopy and imaging. 
 
6.2 Experimental procedure 
The crystals used in this study were undoped bulk ZnO grown by the 
hydrothermal technique
102
 with a nominal dislocation density of < 100 cm
-2
.  Three 
surface orientations of ZnO were studied: (11 ̅0) a-plane, (10 ̅0) m-plane, and (0001) 
+c-plane (Zn-face).  Nanoindentations were performed at room temperature using a 
Hysitron TriboScope nanoindentor, using a cono-spherical diamond tip with a radius of 
96 
curvature of ~ 260 nm.  The spherical portion of the tip is approximately 90 nm in depth, 
after that it is a 4-fold pyramid.  In many cases the indentation was made within the 
spherical range of the tip, i.e. low penetration depths.  In some of the SE images shown, 
the faceted portion of the crystal is evident.  We believe the orientation of these facets 
relative to the crystallographic directions is important, however, the conclusions we 
obtain are valid for both the spherical portion and faceted portion of the tip. Several 
indentations were made with applied loads ranging from 1 to 8 mN.  The volume 
deformed by the nanoindentation tip is in the µm
3
 range, thus it is not expected to be 
influenced by the nominal dislocation density in the ZnO crystal.    
During indentation, the applied load, Pa, was linearly increased from zero to a 
maximum value in a 5 second interval; this load was maintained for 2 seconds before it 
was linearly decreased over another 5 second interval.  For each indentation, the applied 
load and the penetration depth of the tip were recorded.  The contact depth, hc, is defined 
as the vertical length of the tip that is in contact with the crystal.  The projected contact 
area, Ap, of the nanoindenter tip and its dependence on hc was calibrated using a fused 
quartz crystal with known mechanical properties following the Oliver-Pharr method.
103
  
The geometry of the indentation and a definition of terms are shown in Fig. 6.1(a).  The 
uniaxial stress,       , depends on the applied load and the size and shape of the tip.  
During indentation, changes in the surface morphology are associated with atomic-scale 
slip due to local shear stress on adjacent crystal planes, which result in the introduction of 
surface steps.  This has been recently observed in the zinc blende crystal structure.
104
  
The nature of the shear stress will be determined primarily by the radius of curvature of 
the tip.  The local shear stress associated with a particular applied load will increase with 
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decreasing radius of curvature of the tip.  It is important to take this into consideration 
when comparing between indentations made with different tip radii.  Previously 
published results of indentations on ZnO have used tips with radii of ~ 4 μm,96,101 while 
our interest on probing nano-scale effects have led us to use a tip with a radius of ~ 260 
nm.   
 
Figure 6.1.  Details of the indentation process.  (a) Diagram of an indentation: Ap is the 
projected contact area of the tip on the surface, R is the radius of curvature, hc is the depth 
of the tip that is in contact with the crystal, and Pa is the applied load.  (b) Example of a 
nanoindentation curve taken on a-plane ZnO: Pmax is the maximum applied load; hmax is 
the maximum penetration depth; and hf is the final penetration depth. 
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Figure 6.1(b) is a nanoindentation curve that shows the dependence of the 
penetration depth, h, on the applied load, Pa.  The onset of measurable plastic 
deformation is indicated by the presence of a “pop-in” event, where the tip undergoes a 
significant change in depth with no apparent change in the load.  This event is 
characterized by the generation and interaction of a large number of dislocations.  The 
flat portion of the curve observed at the maximum load is due to the generation and glide 
of dislocations occurring during the 2 second interval at the maximum load, before 
removal of the load.   
The effect of indentation on the local optical properties was determined using 
cathodoluminescence (CL) spectroscopy and imaging in a scanning electron microscope, 
equipped with a Gatan MonoCL2 system with a Hamamatsu R943-02 photomultiplier 
tube.  The CL measurements were performed at a temperature of ~ 4 K, at an accelerating 
voltage of 5 kV and a beam current of 2 nA.  Areal-averaged spectra were obtained using 
the raster mode of the microscope, while spot-mode CL spectra were acquired with a 
stationary electron beam.   Monochromatic CL images were obtained by setting the 
monochromator to a specific wavelength and recording the spatial variation of the CL 
intensity.  The spatial resolution in CL spectroscopy is limited by the size of the 
interaction volume of the beam and the diffusion lengths of the excited carriers.  It is 
estimated that primary electrons with 5 keV have a maximum penetration depth of 
around 220 nm in ZnO.
20
  Carrier diffusion lengths have been estimated to be ~ 140 nm 
at 4 K in bulk ZnO.
105
  From these considerations, the spatial resolution of our CL in ZnO 
using an accelerating voltage of 5 kV is estimated to be better than 500 nm.  
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6.3 Mechanical response to nanoindentations 
Examples of nanoindentation curves for ZnO crystals along the a-, m-, and c-
planes are shown in Fig. 6.2(a).   
 
Figure 6.2.  Mechanical properties of the ZnO crystals.  (a) The nanoindentation curves 
for a-, m-, and c-plane ZnO taken with Pmax = 3.0 mN.  (b) The final penetration depth, hf, 
of the indentations on the various ZnO orientations as a function of the maximum applied 
load, Pmax. 
100 
These were acquired using a maximum applied load of 3.0 mN for each orientation.  The 
c-plane crystal is more resistive to deformation than the a- and m-plane crystals, as is 
shown by the lower penetration depth at equal values of the applied load.  The maximum 
stress supported by the crystal can be obtained by dividing the maximum applied load by 
the projected contact area of the tip at that load,                .  This value tends 
towards a constant value for high applied loads.
98,99,106
  The maximum applied loads we 
have used are in this range.  The maximum stress, σmax, is often referred to as “hardness”, 
however, one should apply some caution when using this label since there is an 
indentation size effect, where the measured “hardness” depends on the size of the tip.107  
Typically, higher values are obtained with smaller tip sizes.  The small radius of 
curvature of the tip used in our measurements increases the local applied shear stress and 
can activate several slip planes simultaneously. Table 6.1 shows the results of averaging 
16 indentations with Pmax > 1 mN on each sample to obtain the maximum stress that can 
be supported by the crystal.  The a- and m-plane crystals exhibit     values below that 
of the c-plane crystal, with the a-plane crystal supporting the least amount of stress.     
The c-plane crystal is able to support the most amount of stress.   
 
Table 6.1.  The maximum stress that can be supported,     , by  ZnO crystals as 
determined from nanoindentation curves, corresponding to a cono-spherical tip with R = 
260 nm. 
 
Orientation σmax  (GPa) 
a-plane 2.3 ± 0.1 
m-plane 4.1 ± 0.1 
c-plane 6.5 ± 0.3 
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The      value (2.3 GPa) we have obtained for the a-plane crystal agrees well with 
reported values for the “hardness” of single crystal a-plane ZnO, namely 2.0 GPa, 
obtained from load-displacement curves using a tip radius of 4.3 µm.
101
  The      value 
for the m-plane crystal (4.1 GPa) found using our tip and indentation method can be 
compared to “hardness” values of single crystal m-plane ZnO, reported to be between 2 
and 4 GPa, obtained from load-displacement curves using a diamond Berkovich indenter 
tip.
108
  The value for the c-plane ZnO (6.5 GPa) lies between the reported “hardness” 
values of 4.8 and 7.2 GPa, obtained from load-displacement curves for tip radii of 4.3 and 
0.08 μm, respectively.99,101    Therefore, considering tip size, our hardness value for c-
plane ZnO is consistent with reported values.  Figure 2(b) shows the final penetration 
depth vs. maximum applied load for each sample.  The trend is clear, with the a-plane 
being the “softest” face and the c-plane being the “hardest” face.   
 
6.4 Optical characteristics associated with nanoindentation 
Figure 6.3 shows low-temperature luminescence spectra of the near band edge 
emission of the c-plane oriented ZnO crystal, taken near the area of indentation.  The 
photoluminescence (PL) spectrum has superior wavelength resolution and is shown in 
order to identify the dominant transitions.  The luminescence of ZnO was found to be 
independent of the surface orientation.  The peaks are labeled in accordance with 
references 89 and 109.  The highest emission intensity is due to donor-bound exciton 
transitions at residual donors, located between 3.350 and 3.375 eV.  A free exciton 
transition FXA near 3.378 eV is associated with valence subband A.  The dominant 
donor-bound exciton peaks I6 and I3 are observed at 3.361 eV and 3.365 eV, respectively.  
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The I6 transition has been assigned to an aluminum-bound exciton; aluminum is one of 
the most common impurities in these crystals, according to the supplier.  The slight 
difference in relative intensity between the spectra can be attributed to the difference in 
excitation power between PL (~ 1x10
-2
 W/cm
2
) and CL (~ 14x10
-2
 W/cm
2
).   
 
Figure 6.3.  Low temperature CL (4 K) and PL (10 K) of the c-plane oriented ZnO, 
normalized to the intensity of the two electron satellite of I6 (TES of I6).  Some of the 
transitions have been marked.  Each orientation of ZnO exhibits similar luminescence. 
 
At energies below 3.330 eV we observe longitudinal optical (LO) phonon replicas 
and a two-electron satellite (TES) of the main peak, I6.  The LO phonon replica peaks are 
separated from the zero phonon emission by integral multiples of the LO phonon energy 
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in ZnO, 72 meV.  The TES of I6 is located at 3.321 eV, which is ¾ of the Al donor 
energy (52 meV) below I6.
89
 
 
A.  Cathodoluminescence results due to nanoindentation on a-plane ZnO 
The optical properties resulting from nanoindentation of an a-plane crystal using a 
maximum applied load of 3.0 mN are shown in Fig. 6.4.   
 
 
Figure 6.4.  Low temperature CL and SE images of an indentation created using Pmax = 
3.0 mN on a-plane ZnO.  (a) SE image of the indentation region; (b) the CL spectrum 
taken at 4.4 K; and (c), (d), and (e) the monochromatic CL images taken at the energies 
indicated in (b).  The width of the gray rectangles corresponds to the approximate range 
of energies shown in the CL images. 
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The secondary electron (SE) image in Fig. 6.4(a) shows the surface morphology 
of the pit in the center of the image.  The spatial distribution of the luminescence is 
shown in Figs. 6.4(b-e).  Firstly, we note that the indentation area appears dark in the CL 
images, indicating the creation of a large density of non-radiative recombination centers 
at the indentation.  Figures 6.4(c) and 6.4(d) show luminescence at the dominant bound-
exciton energies, while Fig. 6.4(e) is at the FXA free exciton emission.  Figure 6.4(c) 
shows a region of bright emission above and below the indentation in the ±m-directions, 
<10 ̅0>.  On the other hand, Figs. 6.4(d) and 6.4(e) show bright contrast to the left and 
right sides of the indentation, corresponding to the ±c-directions, <0001>. 
Figure 6.5(a) is spot-mode CL spectra obtained on the indentation from Fig. 6.4 at 
the locations indicated in Fig. 6.5(b).  The size of the spot-mode marks in Fig. 6.5(b) has 
the approximate area of the lowest expected resolution of the CL, ~ 0.5 μm, previously 
discussed.  Little luminescence is detected when the beam is placed on the indentation 
itself (Spot 1).  Spectra taken near the indentation, labeled Spot 2 and Spot 3, show 
similar features as the spectrum taken on Spot 4, away from the indentation.  The 
spectrum from Spot 2, in the c-direction, shows that there is a larger shoulder on the high 
energy side of the spectrum, indicating that the FXA emission is blue-shifted by ~ 7 meV.  
On the other hand, the spectrum from Spot 3, located slightly above the indentation in the 
m-direction, is red-shifted by ~ 2 meV.   
 
 
 
 
105 
 
Figure 6.5.  Spot-mode CL taken near an indentation created using Pmax = 3.0 mN on a-
plane ZnO.  (a) The CL spectra taken at 4.4 K, (b) CL image at 3.376 eV showing the 
location of the spots used in (a). The size of the spot-mode marks in Fig. 5(b) has the 
approximate area of the lowest expected spatial resolution of CL, ~ 0.5 μm. 
 
B.  Cathodoluminescence results due to nanoindentation on m-plane ZnO 
Figure 6.6 shows the characteristics of an indentation created using a maximum 
applied load of 5.0 mN on the m-plane ZnO crystal.  The SE image in Fig. 6.6(a) shows 
the surface morphology of the pit in the center of the image. The spatial distribution of 
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the luminescence is shown in Figs. 6.6(b-e).  In Fig. 6.6(b), the I3 and I6 peaks are not 
resolved.  As in the a-plane case, the indentation spot appears dark in the monochromatic 
images.  In addition, dark bands are observed extending along the ±a-directions, <11 ̅0>.  
These bands are approximately as wide as the indentation, but extend along the basal 
planes for a distance larger than the indentation itself, ~ 4 µm above and below the center 
of the indentation spot, in the ±a-directions.   
 
Figure 6.6.  Low temperature CL and SE images of an indentation created using Pmax = 
5.0 mN on m-plane ZnO.  (a) SE image of the indentation area; (b) the CL spectrum 
taken at 4.4 K; and (c), (d), and (e) the monochromatic CL images taken at the energies 
indicated in (b).  The width of the gray rectangles corresponds to the approximate range 
of energies shown in the CL images.   
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Figure 6.6(c) shows the CL emission at 3.337 eV, between I6 and the TES of I6, 
with bright spots observed directly above and below the indentation.  Also noticeable are 
two narrow dark bands extending on both sides of the bright spots.  Figure 6.6(d) 
corresponds to the emission from the main peak.  We observe dark areas in the crystal 
along the ±c- and ±a-directions.  Figure 6.6(e) is the CL image taken near the FXA free 
exciton emission at 3.377 eV.  Similar to the a-plane indentation, we observe bright 
emission regions in the ±c-directions, perpendicular to the basal planes, which are 
complementary to the dark regions seen in Fig. 6.4(d). 
Figure 6.7 shows the spot-mode CL characteristics of the indentation in Fig. 6.6.  
The CL spectra shown in Fig. 6.7(a) were taken at the locations near the indentation 
indicated in Fig. 6.7(b).  The spectrum corresponding to Spot 4 represents the emission 
characteristics of un-indented ZnO.  The spectra from Spot 1, Spot 2, and Spot 3 show 
similar emission characteristics, however, the Spot 2 spectrum (adjacent to the 
indentation along the -c-direction) is blue-shifted by ~ 5 meV, while the spectra from 
Spot 1 and Spot 3 (adjacent to the indentation along the ±a-directions) are red-shifted by 
~ 18 meV and ~ 2 meV, respectively. 
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Figure 6.7.  Spot-mode CL taken near an indentation created using Pmax = 5.0 mN on m-
plane ZnO.    (a) The CL spectra taken at 4.4 K, (b) CL image at 3.337 eV showing the 
location of the spots used in (a).  The size of the spot-mode marks in Fig. 7(b) has the 
approximate area of the lowest expected spatial resolution of CL, ~ 0.5 μm.  
 
C.  Cathodoluminescence results due to nanoindentation on c-plane ZnO 
Figure 6.8 shows the characteristics of a c-plane ZnO indentation, produced using 
a maximum applied load of 3.9 mN.  The morphology of the indentation is shown in the 
SE image in Fig. 6.8(a).  As with the other cases, the area of the crystal directly under the 
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indenter tip shows dark contrast at each wavelength, as evidenced by Figs. 6.8(c-e).  We 
also observe that the indentation creates six radial lines along the six equivalent a-
directions, extending away from the indentation site.  Six-fold luminescence quenching 
has previously been reported for indented c-plane ZnO.
96,97
  These lines, extending for ~ 
5 µm in each direction, appear with bright contrast in Fig. 6.8(c) and with dark contrast in 
Figs. 6.8(d) and 6.8(e).  The CL image obtained near the FXA free exciton emission in 
Fig. 6.8(e) shows weaker dark bands and no evidence of bright regions. 
 
Figure 6.8.  Low temperature CL and SE images of an indentation created using Pmax = 
3.9 mN on c-plane ZnO.  (a) SE image of the indentation area; (b) the CL spectrum taken 
at 4.4 K; and (c), (d), and (e) the monochromatic CL images taken at the energies 
indicated in (b).  The width of the gray rectangles corresponds to the approximate range 
of energies shown in the CL images.   
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The spot-mode CL spectra of the c-plane indentation are shown in Fig. 6.9.  Spot 
2 is red-shifted from Spot 3 by 1-2 meV, without a change in the overall CL intensity.  
The emission from Spot 1, at the indentation site, is about one order of magnitude less 
intense than the emission from Spot 2 or Spot 3 and shows only one main peak. 
 
Figure 6.9.  Spot-mode CL taken near an indentation created using Pmax = 3.9 mN on c-
plane ZnO.    (a) The CL spectra taken at 4.4 K, (b) CL image at 3.363 eV showing the 
location of the spots used in (a).  The size of the spot-mode marks in Fig. 9(b) has the 
approximate area of the lowest expected spatial resolution of CL, ~ 0.5 μm. 
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6.5 Discussion 
A.  Mechanical deformation due to nanoindentation 
The pressure applied by the indenter tip on the crystal produces a compressive 
stress that activates crystal displacement along the various slip planes.  Slip is generated 
by shear forces acting between adjacent crystal planes, and consists of the motion of 
dislocations that results in the relaxation of the applied stress.  The relaxation process 
depends on the radius of curvature of the tip, as well as on the orientation of the crystal.  
Plastic deformation in ZnO happens preferentially along the a-directions on the basal 
plane, with an elemental displacement equal to the lattice parameter a.  The geometry of 
these preferential lattice displacements (Burgers vectors) for the various crystal 
orientations treated in this work is shown in Fig. 6.10.  From this figure, it is possible to 
qualitatively understand the maximum stress, σmax, values given in Table 6.1.   
For indentations on the a-plane crystal, one of the a-directions is parallel to the 
applied load.  Thus, this configuration would be expected to be the easiest to deform, i.e. 
the “softest”, consistent with the σmax value in Table 6.1.  As the tip is pressed further into 
the surface, the shear stresses activate slip along the a-directions that make an angle of 
±60° to the applied load, in Fig. 6.10(a).  It is observed in Fig. 4 that the indentation 
creates non-radiative centers extending away from the indentation site along the basal 
planes, indicating that slip along the oblique a-directions has been activated.   
For indentations on the m-plane crystal, slip along the basal plane is expected to 
happen along the a-directions that make ±30° angles with respect to the applied load, in 
Fig. 6.10(b).   
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Figure 6.10.  The orientation of the a-directions relative to the applied load for each of 
the ZnO crystals.  (a) The a-plane oriented crystal, seen in c-projection, (b) the m-plane 
oriented crystal, seen in c-projection, (c) the c-plane oriented crystal, seen in m-
projection. 
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Since the applied load and the slip directions are not aligned in this case, but 
offset by 30°, from geometric considerations we expect the σmax value for this 
configuration to be higher than for the a-plane case by a factor of √ , in agreement with 
the data in Table 6.1.  As in the a-plane case, the dark bands emanating from the 
indentation along the basal planes in Fig. 6 represent slip along a-directions.  It should be 
noted that dislocation lines parallel to the surface in Fig. 6.10(b) can also be activated as 
the indenter tip presses further into the surface.   
For indentations on the c-plane crystal, the applied load is normal to the a-
directions, as shown in Fig. 6.10(c).  Thus, the c-plane oriented crystal should have the 
highest σmax value, which agrees with the results shown in Table 6.1.  However, as 
observed in Fig. 6.8, slip along the a-directions does become activated.  This is likely 
occurring when lateral shear stresses become large enough to initiate displacement along 
the basal plane.  Slip along the pyramidal and prismatic planes is expected to be activated 
in addition to the slip along the ‘easy-glide’ basal planes, as previously reported.96,110   
 
B.  Strain fields due to nanoindentation, as observed by cathodoluminescence 
The characteristics of the CL spectra and images in this study can be explained by 
the presence of non-radiative defect centers, and by the effects of compressive or tensile 
strain; no additional radiative defects have been observed.  Lattice parameter variations 
due to strain cause changes in the band gap.  Compressive (tensile) strain leads to a 
smaller (larger) atomic spacing.  In many semiconductors, including ZnO, hydrostatic 
compressive (tensile) strain leads to a larger (smaller) band gap.
15,90
  The recombination 
energy of free and bound excitons shifts with the band gap energy.  The pressure-induced 
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shift due to hydrostatic pressure has been reported to be 24.0 meV/GPa for the FXA 
emission in single crystal ZnO.
90
 
 
1.  a-plane ZnO  
We now discuss the optical properties of indentations on a-plane crystals.  As 
noted, a large number of non-radiative defects are created at the indentation site.  Each 
monochromatic CL image also shows a dark band with approximately the width of the 
indentation extending along the basal planes, in the ±m-directions.  This indicates that 
preferential slip along the basal planes has happened, and that the defects thus created act 
as non-radiative centers for excitons.  The bright regions on the ±c sides of the 
indentation in Fig. 6.4(e) can be attributed to an absence of easy-glide mechanisms along 
these directions that lead to build-up of compressive strain, which induces a blue-shift in 
the excitonic emissions, as observed in the spectrum taken on Spot 2 in Fig. 6.5(a).  
Using the pressure dependence of the excitonic energy (24.0 meV/GPa), the shift of ~ 7 
meV represents a residual compressive stress of ~ 0.29 GPa along the ±c-directions.  
Alternatively, the bright contrast seen in Fig. 6.4(c) in the regions above and below the 
indentation can be attributed to the presence of tensile strain in these regions, which is 
indicated in the red-shifted spectrum observed in Fig. 6.5(a) at Spot 3.  This shift (~ 2 
meV) corresponds to a tensile stress of ~ 0.08 GPa along the ±m-directions.  This is an 
indication that slip along the basal planes introduces tensile strain in the region of slip.   
Figure 6.11 is a diagram of the plan-view geometry of indentation on the a-plane 
crystal.  The spherical part of the indenter tip is denoted by the circle; also shown are the 
cubic facets of the tip which contact the surface during indentation.  The black arrows 
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which are perpendicular to the edge of the tip indicate the in-plane applied stress.  The 
component of the stress parallel to the basal planes can be relieved by slip.  
 
 
Figure 6.11.  Plan-view diagram of an indentation on a-plane ZnO.  The geometry of the 
indenter tip is shown in the center of the figure, indicating the spherical and cubic facets 
of the cono-spherical tip.  The thick, black lines denote the direction of the in-plane stress 
introduced into the crystal.  Basal plane slip is indicated by the vertical, dashed lines; the 
component of stress is relieved along this direction.  The residual stress in the crystal is 
marked by the dotted arrows, leading to compressive strain where the arrows are parallel 
and tensile strain where the arrows are anti-parallel.  This figure can be applied to the m-
plane indentation by switching the <10 ̅0> and <11 ̅0> directions marked in the center 
of the image. 
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The basal slip planes are shown in the figure as vertical dashed lines, which 
propagate into the crystal at a 30° angle from the surface. The component of the stress 
normal to the basal planes (along the ±c-directions) cannot be relieved by slip, resulting 
in a compressive strain field.  It is likely that interactions between the basal slip planes 
act to ‘lock-in’ the compressive stress, preventing its relaxation upon removal of the tip.  
The horizontal dotted arrows indicate the component of stress normal to the basal planes.  
In the regions where the arrows point in the same direction, the strain field is 
compressive; this is evident on the ±c-sides of the tip.  In the regions where the arrows 
point in opposite directions, the strain field is tensile; this is evident on the ±m-sides of 
the tip.  In this manner the compressive and tensile strain observed in Figs. 6.4 and 6.5 
can be explained. 
 
2.  m-plane ZnO 
For the m-plane case shown in Figs. 6.6 and 6.7, the dark indentation site and dark 
bands that extend along the basal planes of the crystal can be attributed to a high density 
of non-radiative centers, which are created by the indentation and propagate along the 
basal planes.  Similarly to the a-plane case, we observe evidence of compressive strain in 
the ±c-directions adjacent to the indentation site.  This is clear from the bright regions 
observed in Fig. 6(e) and the blue-shifted spectrum taken from Spot 2 in Fig. 6.7(a). The 
shift (~ 5 meV) corresponds to a compressive stress of ~ 0.21 GPa.  Fig. 6.7(a) also 
demonstrates that there is a red-shift (~2 meV) in the area of the crystal at Spot 3, 
corresponding to a tensile stress of ~ 0.08 GPa. The regions of maximum tensile strain lie 
in the regions directly next to the indenter tip in the ±a-directions; this is observed in the 
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CL spectrum taken from Spot 1 in Fig. 6.7(a).  The red-shift (~ 18 meV) corresponds to a 
tensile stress of ~ 0.75 GPa in this region.    
It so happens that the a- and m-plane ZnO indentations behave similarly under 
nanoindentation: non-radiative bands extending along the basal planes, compressive 
strain present along the ±c-directions, and tensile strain existing normal to the ±c-
directions.  Indeed, Fig. 6.11 can also be used to explain the results for the CL spectra for 
the m-plane indentation by switching the <10 ̅0> and <11 ̅0> directions.  It should be 
noted, however, that the basal plane slip for the a- and m-plane indentations will be along 
different directions, as indicated in Fig. 6.10.  It is also evident from Fig. 6(c) that slip 
along the basal planes happens primarily in the regions indicated by dashed lines in Fig. 
6.11, resulting in the non-radiative bands observed.  Due to the curvature of the tip, the 
shear stress between adjacent basal planes is maximized in the contact area tangential to 
the basal planes.   
 
3.  c-plane ZnO 
The c-plane indentation in Fig. 6.8 behaves differently than the a- and m-plane 
cases, with a six-fold instead of the two-fold symmetry.  The indentation site shows dark 
contrast at each wavelength, likely due to slip along the pyramidal {10 ̅1} planes 
creating non-radiative defects, as previously reported.
96,110
  No evidence of compressive 
stress was observed, as it would appear as bright regions in Fig. 6.8(e); this is a 
significant difference to the a- and m-plane cases.  The red-shift of the spectrum of Spot 2 
in Fig. 6.9(a) compared with Spot 3 indicates that the contrast difference observed in 
Figs. 6.8(c, d) is due to tensile strain in the six-fold defect lines.  The red-shift of ~ 1 
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meV implies a tensile stress in these regions of ~ 0.04 GPa.  The regions of tensile stress 
are created by dislocations loops that overcompensate the compressive stress introduced 
by the indenter tip.  The lack of evidence of compressive strain near the indentation in the 
c-plane crystal implies that either the compressive stress is entirely compensated due to 
the rapid generation of dislocations in the a-directions or that the compressive stress is 
spread evenly over a large area and is thus not visible in the CL images, due to the 
limited wavelength resolution of the technique.  Figure 6.12 is a diagram illustrating the 
plan-view geometry of the indentation on the c-plane ZnO.  Dislocation lines are 
generated along the a-directions and propagate away from the indentation.  Since these 
lines are relatively-easily generated, they relieve the stress produced by the indenter tip in 
the other regions of the crystal.  When the tip is removed, the crystal partially relaxes; 
however, a small amount of tensile strain remains. 
 Table 6.2 presents a summary of the optical properties of the nanoindentation 
studies on the various orientations of single crystal ZnO. 
 
Table 6.2.  Summary of the results obtained from LT CL for nanoindentation on various 
orientations of ZnO. 
 
 
a-plane (11 ̅0) m-plane (10 ̅0) c-plane (0001) 
Non-radiative 
defects 
Yes; at indentation and 
along basal planes 
Yes; at indentation and 
along basal planes 
Yes; at 
indentation 
Compressive 
strain 
Yes; along ±c-
directions 
Yes; along ±c-
directions 
None recorded 
Tensile strain 
Yes; along ±m-
directions 
Yes; along ±a-
directions 
Yes; along a-
directions 
Radiative defects None recorded None recorded None recorded 
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Figure 6.12.  Plan-view diagram of an indentation on the c-plane ZnO.  The geometry of 
the indenter tip is shown in the center of the figure, indicating the spherical and cubic 
facets of the tip.  Dislocation lines are generated along the a-directions and 
overcompensate the compressive stress introduced by the tip, leading to tensile strain 
along these directions. 
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6.6 Conclusions 
Nanoindentations have been performed on a-, m-, and c-plane ZnO crystals using 
a small cono-spherical diamond tip with a radius of 260 nm.  The size of the tip results in 
unique and interesting optical properties that reflect the nature of the mechanical 
deformation.  The luminescence properties have been studied with relatively high-spatial 
resolution cathodoluminescence imaging and spectroscopy.  For the a-plane indentation, 
we observe (i) non-radiative defects created at indentation site and extending along basal 
planes, (ii) compressive strain in the ±c-directions, and (iii) tensile strain in the ±m-
directions.  For the m-plane indentation, we observe (i) non-radiative defects created at 
indentation site and extending along basal planes, (ii) compressive strain in the ±c-
directions, and (iii) tensile strain in the ±a-directions.  For the c-plane indentation, we 
observe (i) non-radiative defects created at the indentation site and (ii) tensile strained 
lines extending along the six-fold a-directions.   
The relative orientation of the Burgers vector with respect to the surface 
determines the shear stresses along the easy-glide planes and in the preferred slip 
directions.  For the a-plane configuration, displacement into the crystal is facilitated by 
slip in the three a-directions, yielding deeper penetration depths for this orientation for a 
given applied load.  In comparison, the m-plane configuration presents lower shear 
stresses leading to lower depths.  The c-plane indentation allows mostly lateral 
displacement along the easy-glide plane and requires secondary slip planes to achieve the 
same penetration depth, thus requiring higher loads. 
CL spectroscopy and monochromatic imaging provides us with information about 
the nature of deformations and strain away from the indentation pits.  Since defects and 
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strain will affect the performance of solar cells and LED devices, these results give 
insight into the possible prevention, or minimization, of the detrimental effects resulting 
from mechanical deformation of ZnO.   
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Chapter 7 
CONCLUSION AND FUTURE WORK 
7.1 Summary 
 The goal for the work in this dissertation is to further the understanding of the III-
nitrides and ZnO in order to gain knowledge about the fundamental characteristics of 
these important semiconductors as well as provide a direction in order to improve the 
efficiency and operation of devices.  The experimental technique of cathodoluminescence 
has proven to be a very powerful investigation method and many properties of direct 
band gap semiconductors can be investigated using it.  Other instruments were used 
during this dissertation, including x-ray diffraction, transmission electron microscopy, 
atomic force microscopy, energy-dispersive x-ray, Rutherford backscattering, Hall 
measurements, etc.; however, due to the goal of improving the properties and 
luminescence of LEDs, cathodoluminescence has been one of the most direct 
investigation methods.   
Much of the focus of this dissertation was on Mg-doped p-type GaN and InGaN.  
This is due to the importance and incomplete understanding of these materials.  
Hopefully, some progress has been made and the picture is now more complete.    In 
addition, ZnO nanoindentation has been investigated.  The goal of that project was to 
record the differences in resistance to deformation between various surface orientations 
of the crystal as well as understand how the deformation occurs.  Residual strains in the 
crystals were observed to exist, long after the indentation. 
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7.2 Chapter 2: Experimental technique: cathodoluminescence 
 When performing any scientific investigation, it is important to understand the 
process and details of the equipment one uses.  Without knowing the limitations of the 
techniques, incorrect conclusions can be drawn.  Many of the important parameters and 
characteristics of cathodoluminescence are discussed, including excitation and radiative 
decay of carriers.  Changing the voltage of the electron beam results in a variation in the 
depth of the carriers as well as a change in the shape of the energy loss.  These are 
important to consider when performing depth-dependent cathodoluminescence.  A green 
InGaN-based LED structure was used to investigate the distribution of carriers when 
changing the accelerating voltage.  In addition, an attempt to measure the efficiency of 
the cathodoluminescence system was made.  The efficiency is nearly constant from 300-
500 nm, before dropping to ~ 0 at 900 nm.   
 
7.3 Chapter 3: Introduction to Mg-doped GaN 
 This chapter is a literature review of Mg-doped GaN, highlighting the history and 
present knowledge of this material.  It was on this basis that much of the work of this 
dissertation was done.  Only when comparing the optical and electrical measurements 
taken by many independent measurements on many distinct samples can general 
conclusions be drawn.  However, the literature is rife with contrasting measurements and 
conclusions, obscuring a complete and unambiguous understanding. 
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7.4 Chapter 4: Cathodoluminescence of Mg-doped GaN 
The optical signature of H and its related complexes has been reported, as well as 
the acceptor energy level of Mg in GaN.  The position of deeply-bound exciton 
transitions in the CL of Mg-doped GaN provide an indication of the defect levels 
associated with hydrogen and their energy in the band gap.  It is seen that as-grown, 
resistive Mg-doped GaN has a much larger DAP luminescence than annealed, p-type Mg-
doped GaN.  This is likely due to a higher donor concentration in the material, 
highlighting the importance not only of Mg-H complexes but also of compensating 
donors in the passivation action.  At room temperature, a blue band is observed to 
undergo a large blue-shift under LEEBI.  This blue-shift occurs in the absence of 
increasing excitation power, eliminating some possible assignments, notably, DAP 
saturation of distant pairs.  This band is attributed native defects in the material, including 
nitrogen vacancies and hydrogen.  The large blue-shift may be due to the change in the 
concentration, and therefore Coulomb energy, of donors in the material.  These results 
indicate the importance of hydrogen in Mg-doped GaN and, based on the electrical 
measurements, the importance of understanding the complete picture. 
 
7.5 Chapter 5: Cathodoluminescence of Mg-doped InGaN 
 Chapter 5 discusses some of the properties of Mg-doped InxGa1-xN for low indium 
compositions (x < 0.05).  Low indium compositions were used in order to be able to 
make comparisons with Mg-doped GaN; high indium compositions can result in much 
higher defect concentrations, strain, etc.  The goal was to investigate only the effect of 
indium on the properties, not of the other effects.  Very importantly, the resistivity of the 
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films was seen to decrease as the indium composition increases, reaching ~ 0.54 Ω-cm 
for x = 0.042.  This was mainly due to the lower Mg acceptor energy level with the 
increased indium composition.   
In addition, the luminescence from multiple quantum well LED structures was 
recorded as the indium composition of the top p-type region was varied.  The distribution 
of holes was more uniform as the indium composition increased, implying a higher hole 
transport in these regions, either due to changes in strain in the QWs, changes in the 
effective mass of the holes, increased hole concentration due to the  smaller Mg acceptor 
energy level, etc.  It is believed that Mg-doped InGaN will make superior p-type regions 
for InGaN-based LEDs emitting light in the visible spectrum.   
 
7.6 Chapter 6: Optical properties of nanoindented ZnO 
 Chapter 6 changes the material system from the III-nitrides to ZnO.  As discussed, 
this material exhibits many similarities to GaN, and is therefore a natural extension of 
this previous study.  It was found that indentation on ZnO using a submicron scale 
indenter tip provides a method of recording the resistance of the surface to deformation.  
It was found that the c-plane was most resistive to deformation (the “hardest”) as the easy 
glide planes lie perpendicular to the applied load.  This may imply that there is a benefit 
of using c-plane ZnO crystals for devices, as the possibility of mechanical damage during 
device growth or operation may be high.  In addition, the distribution of residual strain in 
the crystals was recorded using high-wavelength resolution cathodoluminescence.  The 
surface orientation was important for determining the shape and size of the strained 
regions.  The a- and m-plane orientations exhibited a 2-fold symmetry with regions of 
126 
compressive and tensile strain, while the c-plane orientation exhibited a 6-fold symmetry 
with regions of tensile strain.   
 
7.7 Direction of future work 
 LEDs which emit across the entire visible spectrum are currently commercially 
available.  However, increasing the efficiency of devices remains a high priority, 
especially for the high-indium QWs of green and yellow LEDs.  Towards this end, it will 
be important to continue to improve p-type material, most notably for Mg-doped InGaN.  
The differences and similarities with Mg-doped GaN must be understood.  Typically, 
high indium composition in InGaN can lead to phase segregation,
111
 high defect 
densities,
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 and strain.  Minimizing these may be important for high efficiency devices. 
 Currently, there is also a drive towards UV LEDs and laser diodes.  These will be 
composed of AlGaN layers, likely on sapphire or AlN substrates.  While n-type AlGaN 
can be produced, low resistivity p-type AlGaN remains elusive due mainly to the high 
Mg acceptor energy level in the material.
83,113
  Quantum well structures with high 
luminescence emitting below 250 nm have been obtained, however, the lack of p-type 
material hinders the development of commercial UV LEDs.  Mg will be the most likely 
choice for the acceptor; however, its high energy level may lead to the investigation of 
other dopants.  An alternative option is to use a superlattice structure for the p-type 
region, using thin layers of different aluminum concentration to create the structure.  It is 
theorized and reported that a Mg-doped, AlGaN/GaN superlattice structure drastically 
increases the hole concentration due to piezoelectric fields between the layers.  The band 
structure becomes shifted in accordance with the fields and as a result will move the 
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acceptor energy level below the Fermi level, creating a high density of holes.
114,115
  These 
structures increase the average hole concentration, however, the holes are localized in 
sheets which lie perpendicularly to the carrier transport in the device, and are therefore 
not ideal.  Further improvements need to be made.  The Mg acceptor energy level and 
behavior of Mg and H in AlGaN and AlN needs further research.   
 Also of interest will be the behavior of nanoindentation of GaN and the 
similarities to that of ZnO.  While the crystal structures are similar, the strain distribution 
and defect creation may be significantly different.  GaN is more resistant to deformation, 
and this may be important for residual strain creation.  Also, nanoindentation can be 
performed on LED structures to see if the defects created shift the QW emission energy 
or if the defects act as non-radiative or radiative recombination centers.   
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